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RESEARCH & ADVANCED CONCEPTS SECTION - 383

- FLUID PHYSICS -

October 11, 1965
Bldg. 180 - Room 101

Introductory Remarks

Fluid Dynamic Investigation of Vortex
Flows 129-01-11-01

Convective Heat Transfer in Accelerating
and Decelerating Flows
129-01~12-01

Plasma Heat Transfer  129-01-09-0k

Nonequilibrium Flow in MHD Generators
and Accelerators 129-01-04~01

Break

Electron Recombination; Shock Wave
Structure; Laser Diagnostics
129-01-05-04
129-01-07-01

Microwave Diagnostics; Electron Attachment
with Electrophilic Gases
129-01-07=-01
129-01~05-0k

Shock Tube Magnetic Probe Velocity
Measurements; Spectroscopic Studies
in a MPD Arc 129-01~07-01
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326 129-01~01~-01 Dr., S. Trajmar
9:30 Continuum Fluid Dynamics Dr. J., Kendall
327 129-01-09-01 Dr. L. Mack
Dr. F. Hama
10:00 Rarefied Gas Dynamics
327 129~-01-10-01 Dr. D. Russell
Dr. W. Christensen
10:30 Break
10:45 Magneto Fluid Dynamics Dr. T. Maxworthy
327 129-01~05-02
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327 129-01-05-03 Dr. H. Ashkenas
ELECTRO PHYSICS
1:00 Quantum Chemistry Dr. M. Geller
326 129-02-03-0k
1:30 Photochemistry Dr. W. DeMore
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2:00 Radiation Chemistry Dr. J. King
306 129-02-03-06
2:30 Plasma Physics Dr. A. Bratenahl
327 129-02-03-03
3:00 Break
3:15 Low Temperature Physics Dr. D. Elleman
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Resources Summary for OART - RR  July 26, 1965

A, Program Totals .
Actual Actual Actual

Manpower (man-years): FY '64 FY '65 FY '66
Professional 94.0 73.6 '68.0
Other 51.3 L3.1 39.5
Total 145.3 116.7 107.5

Dollars (in ooo's):

Direct Labor and Overhead 3911 3689 3628

In-house support 1185 635 1008

Procurements 1304 1254 1169

Total 6400 5578 5805
B. Definitions:

1. Manpower: technical cognizant division only; excludes
technical division services and administrative
services.

2. Direct Labor and

Overhead: salaries, wages and all burdens
3. In-house support: includes administrative services such as

photography, reproductions and reports and

plant engineering; technical division services
such as design, instrumentation, computers, etc.;
and in house fabrication and travel.

C. Subprogram Totals

1. Fluid Physics Research
FY '6h FY '65 FY '66

a. Manpower (man years):
Professional 29.3 22.3 21.1

Other 20.5 18.0 16.1

Total 49.8 Lo.3 37.2



b.

Dollars (in 000's):
Direct Labor and Overhead
In-house support
Procurements

Total

2., Electro~Physics Research

8.

Manpower (man-years):
Professional

Other

Total

Dollars (in 000's)

Direct Labor and Overhead
In-house support
Procurements

Total

3. Materials Research

Qe

Manpower (man-years):
Professional

Other

Total

Dollars (in 000's):
Direct Labor and Overhead
In-house support
Procurements

Total

1320 1231 1187
771 322 ksl
L6l 390 193

2552 1943 1834

FY '64 FY '65 FY '66

2749 24,8 21.6

11.0 9.8 10.6

38.9 34,6 32,2

1095 1181 1163
1Tk 112 20k
300 k65 487

1569 1758 1854

FY '6h4 FY '65 FY '66
2h L 16.2 10.9
18.8 1h,7 11.6
L3,2 20.9 22.5

1090 885 710
166 122 147
512 367 u87

1768 137k 134k



L.

Applied Mathematics

e

Manpower (man-years):
Professional

Other

Total

Dollars (000's)

Direct Labor and Overhead
In-house support
Procurements

Total

D. Interesting Statistics

1.

JEC:sr

Research Programs (in 000's)

‘&

Direct labor and overhead
b. In-house support/man-year
c¢. Procurements/man-year
d. Total/man-year
e. In-house support/prof. man year
f. Procurements/prof. man-year
£ Total/prof. man-year
OART
a. Direct labor and overhead/man-year
b. In-house support/man-year
Ce Procurements/man-year
d. Total/man-year
e. In~house support/prof. man=year
f. Procurements/prof. man-year
g Total/prof. man=year

FY '64 FY '65 FY '66
2.4 10.3 14,k
1.0 0.6 1.2
L06 392 568
Th 79 203
31 32 -
511 503 13
FY '64 FY '65 FY '66
27.0 31.5 33.8
8.2 5.4 9.k
9.0 10.7 10.8
4,2 L7.6 54.0
12.6 8.6 k.9
13.9 17.0 7.2
68.0 76.0 85.5
30.7 31k
12.3 15.1
29.0 30.1
72.0 76.6
21.5 25.0
5045 49.7
125.L 126.5



FLUID PHYSICS - DIVISION 38

TITLE

NASA Code
JPL Code

Plasma Sources, Generators
and Accelerators

129~01-06-01
329-11101-1-3830

Plasma Transport Properties,
Shock Waves, and Inelastic
Rate Processes

129-01~-05-0L
329-11201-1-3830
Plasme Diagnostics

129-01-07-01

Plasma Heat Transfer

129-01-09-0k

Vortex Investigations
129-01~11-01
Heat Transfer in Accelerating
and Decelerating Flows

129-01-12-01
329-10401-1-3830

FISCAL

1964
1965
1966

1964
1965
1966

1964
1965
1966

1964
1965
1966

1964
1965

1964
1965
1966

PROFESSIONAL
MAN-YEARS

1o
w—~ o

O
O\ O

O -
L]
£ O\

U.)t—'l\)
=X\
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DOLLARS
(in 000's)

300
203
187

125
150
1hs

175
119

155

300
226
325

130
151

120
143
140



VORTEX INVESTIGATIONS
NASA Work Unit 129-01-11-01
JPI1, 329-11501-1-3831

A. GAS VORTEXES

The development of an optical instrument to be used for determining the
transient mass flow rate of a high molecular weight gas in a mixture of high and low
molecular weight gases discharging through the exit orifice of a vortex tube has been
completed, The instrument was calibrated and used to measure the flow of Freon~13
(chlorotrifluoromethane) exhausting from the 4, 50-in, diameter steel vortex tube.
Experiments have been performed at various mass flow rates of hydrogen or nitrogen
and Freon-13 in three basically different vortex tube configurations. The vortex
type flows that can be generated in the laboratory retain about the same amount of
heavy gas as would be expected if no diffusion were occurring. Because the gaseous-
vortex-reactor concept requires a vortex type flow that can retain orders of magni-
tude more mass of heavy gas, it is concluded that a means must be found to generate
a much higher strength vortex than is now possible.

Measurements of the mass of Freon-13 retained in the vortex tube compared
to the mass that would be retained if no diffusion were occurring (diffusion coefficient
Dig = 0) are shown in Fig, 1. These measurements were made at four hydrogen
mass flow rates, th, and at each flow rate the Freon mass flow rate, myp], was
varied between approximately 2 and 8% of mjy,. The significant features of Fig, 1 are
that the retained mass ratio, m/mD LH = 0, is of order 1 and that no apparent trend
is distinguishable as the hydrogen mass flow rate is varied.

The details of the distribution of Freon in a vortex type flow, as represented
by the heavy-to-light gas mass density ratio, have been reported in a previous pro-
gress review, An example of those findings is shown in Fig. 2. If no diffusion had
occurred, the density ratio, p /pL, normalized with respect to itself at large radii,
(pH/pL) o » would have been constant with radius and equal to 1.0. Because this ratio
is not constant, one can conclude that some diffusion does indeed occur. However, the
alteration of the density ratio distribution appears to be a perturbation of the
otherwise homogeneous binary flow and not the orders of magnitude change required
by the gaseous-vortex~reactor concept.

Three technical reports have been written and are in the final stages of
editing, The first covers the theoretical and experimental investigation of a binary
vortex flow and includes the effects of inserting probes into this type of flow as
determined by measuring the change in radial static pressure distribution. The
second report covers the effects of mass flow rate and exit orifice diameter on the
radial static pressure distribution in a nitrogen vortex flow, This report includes a
comparison between the measured quantities and existing theories, The third report
describes the mass retention measurements and summarizes the results of these
measurements. '

A technical report on similarity in confined, vortex flows has also been
prepared, It is an attempt to determine (1) criteria by which vortex flows may be
scaled and, also, (2) means by which experimental work of different investigators
might be compared. The similarity model was derived from very simple considera-
tions assuming a laminar, two-dimensional vortex flow. Experiments designed to
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test this theory were performed and indications are that the model is much too
restrictive and not sufficiently realistic. These experiments were performed using
gaseous nitrogen and gaseous hydrogen in separate tests in identically the same
apparatus. Similarity conditions, as indicated by the model, were imposed on the
tests that were then evaluated by comparing static end-wall pressure distributions.
An interesting technique of obtaining similar end-wall pressure distributions was
discovered, however, and this consisted of imposing the same static wall-pressure
Py On the two gases. Figure 3 shows the results of three such pairs of tests. This
technique, which is not predicted by the theoretical model, nevertheless gave much
better results. .

RUN A-7
0.9 )

RUN B-?—éﬁ/?
=
v~

RUN A-6-4

07 //
0.6
RUN A-8

05 RUN B-8
7
RUN A-7
04 // RUN B-7
0.3

PRESSURE RATIO p/pw

RUN DESIGNATION AND A-6[B-6] A-7[B-7 [A-8]B-8
TYPE OF GAS Ha | Na | Hp | No | Ha | Np
02 / STATIC WALL PRESSURE p,,psia 19.4 290 716
0.1 /
o]
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RADIUS RATIO, r/r”,

Fig. 3. Comparisons of pressure distributions between hydrogen
and nitrogen run at equal values of static wall-pressure
(Fig. 6, ''similarity in confined vortex flows"
E. J. Roschke, TR-32-789)



B. WATER VORTEXES

A Space Programs Summary has been written and released concerning the
effects of aspect ratio on the flow in a confined, jet-driven vortex tube. This work
summarizes some of the effects of vortex length to diameter ratio that were observed
in a water vortex. Aspect ratio, in addition to the relative exit-hole size of the
vortex and the mass rate of flow per unit vortex length, did markedly affect the end-
wall static pressure distributions observed in the vortex. Figure 4 shows a typical
result; the vortex static pressure drop between the cylindrical wall and the vortex
center line has been normalized for the static pressure at the cylindrical wall and
plotted as a function of aspect ratio for several values of wall pressure. Sometimes
an air core was present in the vortex, as noted. Flow visualization studies by dye
injection into this same vortex apparatus had previously given some indication that
differences in flow-field structure did occur as aspect ratio was varied. For small
L/D, where the vortex is probably dominated by end-wall boundary layer effects, the
flow appeared to be laminar, well-ordered, and radially stratified; core size in the
vortex was relatively large. At large L/D, the flow appeared to be turbulent (not
well-ordered) except in thin shear regions near the core; the vortex core tended to
decrease in diameter with increasing I./D. An attempt to portray these effects is
shown in Fig. 5, a series of drawings at different L./D adapted from color photo-
graphs. The experimental work carried out on the water vortex is being written in
the form of two separate technical reports., The first report, which contains the
results of the quantitative portion of the program and deals particularly with end-wall
static pressure distributions, is complete and now in preliminary editing process.
The second report, which will contain the results of the qualitative portion of the
program and particularly flow visualization results, is still in the process of prep-
aration. This latter report has been delayed because of the need to view and assess
over 8000 ft of color motion picture film., '

C. FUTURE ACTIVITIES

As a consequence of the discouraging results obtained in the gas vortexes for
the retention of the mass of the high molecular weight gas and the small amount of
diffusion that occurred, it was decided to end the entire vortex project at the end of
FY 1965. During the first half of FY 1965, however, one experiment will be
performed on a transparent tube that has provision for swirling end-wall injection
as well as peripheral injection, adjustable L/D, and independent means of fluid
injection at nine different locations. The experiments to be performed primarily
include the retention of smoke in gaseous nitrogen. This is anticipated to be a minor
effort because the apparatus has been fabricated and installed on a test stand,

D. MEETINGS AND PRESENTATIONS

Dr, E. J. Roschke and Mr. T. J. Pivirotto presented the results of the
binary gaseous and water vortexes before the NASA Research Advisory Committee
on Fluid Dynamics at the Jet Propulsion Laboratory, May 6, 1965. Mr. T. J.
Pivirotto attended the ATIAA Propulsion Joint Specialist Conference at Colorado
Springs, Colorado, June 14-18, 1965.
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VORTEX FLOWS
OBJECTIVES

TO DETERMINE CONDITIONS THAT WILL PERMIT THE
ESTABLISHMENT OF A STABLE VORTEX FLOW
CAPABLE OF SUSTAINING AN ORBITING HEAVY
GAS THROUGH WHICH A LIGHT GAS CAN DIFFUSE
RADIALLY INWARD.
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CONTINUATION SHEET
Description of FY66 Work Unit Objectives, Approach and Progress

129-01-12-01~55
HEAT TRANSFER AND FLUID DYNAMICS
IN ACCELERATING AND DECELERATING FLOWS
D. R. Bartz, P, F, Massier

Ob]ectives

The general objective of this task is to contribute to the understanding
of convective heat transfer from gases flowing under the influence of accelerat-
ing and decelerating pressure gradients, During FY66, emphasis will be placed
on turbulent free stream flows in two axisymmetric convergent-divergent nozzles
which have different configurations and in a supersonic diffuser attached to the
exit of one of these nozzles, Of particular concern will be the heat transfer
and the behavior of the temperature and velocity distributions in the boundary
layer along one nozile, as well as along the constant diameter approach duct
attached to the nozzle inlet, The distributions are of interest because the
transport of thermal energy is closely associated with the structure and growth
of the boundary layer,

The knowledge gained from these investigations will be useful for deter-
mining both the local and overall cooling requirements of nozzles, supersonic
diffusers, and subsonic-flow constant-diameter ducts in which turbulent-flow
convective heat transfer must be evaluated and accounted for in order to main-
tain the integrity of a device., Devices to which this type of knowledge may
be applied include chemical and nuclear thrust chambers and supersonic exhaust
diffusers,

The significant problems that must be solved before adequate knowledge
can be gained to understand convective heat transfer in accelerating and decel-
erating flows are: (1) the behavior of the boundary layer in terms of growth,
turbulence level, and temperature and velocity distributions, (2) the local skin
friction and its dependence on the flow parameters and (3) in decelerating super-
sonic flows the interaction phenomena of the complex shock structures with the
boundary layer, All of these factors influence the convective heat transfer and
the intent is to investigate them to the extent that resource limitations permit,

Approach

Heated compressed air is being directed to flow through the upstream

duct, which is used to control the boundary layer thickness, and then through
the nozzle and diffuser., Heat flux distributions to the cooled walls from the
hot air stream are determined by colarimetry, Temperature and velocity distri-
butions in the boundary layers are determined from probe measurements along the
approach duct and along one of the nozzles, Stagnation temperatures and stagna-
tion pressures are determined in the free stream near the nozzle inlet and static
pressures are measured along the walls of the entire apparatus, From all of the
pressure and temperature measurements that are made the boundary layer behavior
and important parameters such as local mass flux, which Influence the convective

-1-



heat transfer rate, can be deduced, If time permits, pressure fluctuations on
the walls of the approach duct and hot wire measurements will be made in order
to acquire some knowledge of the turbulence level, Gas stagnation pressures
range between 30 and 250 psia, and stagnation temperatures between 1000 and
2000°R., Experimental heat transfer results will be compared with analytical
predictions and some of the other experimental results such as temperature and
velocity distributions in the boundary layer will be used to provide informa-
tion that must be known or assumed in order to make the analytical heat transfer
predictions in nozzles possible, During FY66 investigation will be continued of
the reduction in heat transfer in accelerating flows under certain conditions
below that typical of a turbulent boundary layer., It is presently believed that
this occurs because there may be a reduction in turbulence associated with the
acceleration,

Progress

Numerous tests have been conducted on a nozzle that has convergent and
divergent half angles of 10°, Velocity distributions as determined from the
pressure measurements with a 0,020-in, diameter probe were obtained at a loca-~
tion where the Mach number was about 0,2, Since these preliminary tests were
made with compressed alr at about room temperature, no temperature distributions
were obtained, The boundary-layer measurements made in the 10° half angle noz-
zle with cold flow indicates that the effect of the flow acceleration is to alter
the velocity distribution from a turbulent 1/7 power profile just upstream of the
nozzle inlet to one steeper near the wall and flatter across most of the outer
part of the boundary layer inside the nozzle. More detail on how this takes
place will be determined from traverses at intermediate locations, For the noz-
zle data obtained thus far, the friction coefficients deduced by matching the
velocity distributions in the wall vicinity to the 'law of the wall" were found
to be about 30% above those predicted by the Blasius relation. A more detailed
report of these results is given in the Space Programs Summary listed subsequently,

A technical report, also listed subsequently, has been prepared pertain-
ing to pressure distributions in convergent-divergent nozzles, Experimental
results obtained with nozzles having different configurations are compared as
are the results with several prediction methods., One of the significant con-
clusions established by these results is that deviations in static-to-stagnation
pressure ratio from plane one~dimensional flow theory amounted to as much as 45%
in the throat region, The magnitude of the deviations is governed to a large
extent by the ratio of the radius of curvature of the throat to the throat radius,
The wall static pressure distribution is related to mass flux distribution which
in turn has a primary influence on convective heat flux distribution,

A convergent-divergent nozzle which is designed for a constant pressure
gradient is now being fabricated, Tests on this nozzle will be conducted after
FY66,

Installation of a pipe line from the hypersonic tunnel high-temperature
high pressure dry air supply has been completed, This facility will be used be-
ginning the latter part of FY65., Previous high temperature tests were conducted
with the products of combustion of methanol and air and it has been necessary
to be cautious to avoid water condensation from taking place along the cold walls
of the test apparatus,

-2
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HEAT TRANSFER AND FLUID DYNAMICS IN ACCELERATING
AND DECELERATING FLOWS
NASA Work Unit 129-01-12-01
JPL 329-10401-1-3831

A. 45 DEG - 15 DEG NOZZLE

The nozzle that has a convergent half angle of 45 deg, a divergent half angle
of 15 deg, and a ratio of the radius of curvature to throat radius r./ry, = 0.625 has
been installed in the system. The dams have been repaired so no leakage occurs
between the inlet and outlet lines of each passage. Tests with comopressed air heated
by the combustion of methanol to a stagnation temperature of 1500 R over a pressure
range from 30 to 250 psia have been made. A comparison of the new data with the
leaking dam data indicates, in particular, significant differences in the nozzle throat
region where the variation in the heat flux to the wall is largest. Consequently, only
the new data is considered usable. The new data is now being analyzed and some
observations are worth noting.

Wall static pressure distributions for the 45 deg - 15 deg nozzle were given
in Ref., 1 along with data for other nozzles that have been tested; a slightly condensed
version of Ref. 1 has been submitted and accepted for publication in the AIAA Journal,
Additional static pressure taps have been installed in the 45 deg - 15 deg nozzle and
these reveal two regions where the wall static pressure unexpectedly rises locally
other than in the shock~induced flow separation region that is associated with over
expanded nozzle operation, These pressure rises occur in the inlet region and just
downstream of the tangency between the circular-arc-throat and conical divergent
section. In these regions the heat transfer data exhibit trends typical of those found
in separated flow regions and, thus, the pressure rise may be enough to cause local
flow separation and later flow reattachment. To indicate these observations, wall
pressures and heat transfer coefficients are shown in Fig. 1. For the pressure
scale chosen, the pressure rise in the inlet is not noticeable; however, the
heat transfer behavior is observable because it is also just downstream of the throat,
As seen in Fig. 3, there is a reduction in heat transfer at low stagnation pressure
below that typical of a turbulent boundary layer. Similar trends were found (in
Ref. 2) for the nozzle with a convergent half angle of 30 deg, a divergent half angle
of 15 deg and r_/r¢ = 2.0,

B. CONSTANT PRESSURE GRADIENT NOZZLE

The fabrication of the constant pressure gradient nozzle has reached the stage
where the final machining of the inner contour is now being done. The outer skin
segments have been welded to the circumferential ribs to form the coolant passages.
The pressure tap tubes, coolant passage inlet and outlet tubes, and boundary layer
probe inserts have been welded in place. The passages have been checked for
leakage across the dams, from passage to passage, and around the boundary layer
probe and pressure tap tubes. The nozzle has been stress relieved.
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Fig. 3. Variation of Stanton-Prandtl number group at
various coolant passages in 45 deg - 15 deg nozzle

C. 10DEG - 10 DEG NOZZLE

Results of measured velocity distributions in the boundary layer obtained in
the 10 deg - 10 deg nozzle are discussed in Ref. 3.

D, TEST FACILITIES AND INSTRUMENTATION

The piping, and controls necessary to use heated air directly from the JPL
hypersonic wind tunnel, has now been completed and successfully checked out for test
operations in thé nozzle heat transfer facility. With this add1t10n the facility has the
capability of operation at temperatures up to 700 psia and 1500°R without combustion.

An existing 6-in., long cooled approach section, 5-in. in diameter, has been
modified to accommodate four more boundary layer probes. It provides six cir-
cumferential probe locations at one axial position to study flow asymmetry upstream
of the nozzle inlet. A combination pitot-tube temperature probe has been designed
and one has been built. The outside diameter of the probe is 0.042 in, and will allow

simultaneous pitot pressure and thermocouple measurements at the same circum-
ferential location.



‘ A pressure scanner that can accommodate 100 channels with 10 transducers
is now available for use with this project. It has proven to be satisfactory and
reliable and will be installed as soon as transducers now on order are available,

The instrumentation recording capability is being increased to accommodate
250 channels by connecting one additional Dymec recorder that is now used by the
Plasma Heat Transfer Project, Connections are being made so that both Dymecs
can be used interchangeably by both projects because they share the same test cell.

E. MEETINGS AND DISCUSSIONS

Dr. L. Back attended the NASA Fluid Physics Contractors Conference
March 16-19, 1965, and exchanged information with both Dr. R. W. Graham, Head
of Experimental Section and Dr. R, G. Deissler, Chief of the Fundamental Heat
Transfer Branch, at the Lewis Research Center,

F. PLANNED ACTIVITIES FOR THE FIRST HALF OF FY 1966

Testing of the 45 deg - 15 deg nozzle will contlnue, with data to be obtained at
nominal stagnation temperatures of 1000 and 2000°R and over a stagnation pressure
range from 30 to 250 psia. Flow studies will be started to determine if the measured
static pressure rise is enough to cause flow separation. Some data will be obtained
with the hot air line. These data will be compared to the data that have already been
obtained by burning methanol.

The fabrication of the constant pressure gi‘adient nozzle should be completed.

The modified boundary layer probe section with six probe locations will be
installed upstream of the nozzle to study flow asymmetries.

The 10 deg - 10 deg nozzle will be repaired, a few static pressure taps added,
and the nozzle will be installed after the 45 deg - 15 deg nozzle tests are completed.

G. REFERENCES

1. Back, L. H., Massier, P, F. and Gier, H, L., Comparisons of Experimental
with Predicted Wall Static Pressure Distributions in Conical Supersonic Nozzles,
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2. Back, L. H., Massier, P. F. and Gier, H. L., Convective Heat Transfer in a
Convergent-Divergent Nozzle (Revision No. 1), Technical Report No. 32-415,
Jet Propulsion Laboratory, Pasadena, Feb. 15, 1965 - also in Internation
Journal of Heat Mass Transfer, Vol. 7, No, 5, pp. 549-568 (1964).

3. Back, L. H., Cuffel, R. and Gier, H., Boundary Layer Velocity Distributions
in a 10° Half Angle Convergent-Divergent Nozzle, Jet Propulsmn Laboratory
Space Programs Summary No. 37-31, Vol. IV, pp. 169-174, Feb. 28, 1965,




CONVECTIVE HEAT TRANSFER
OBJECTIVES

1. TO GAIN AN UNDERSTANDING OF CONVECTIVE HEAT
TRANSFER AND FLUID DYNAMIC PHENOMENA OF
ACCELERATING AND DECELERATING FLUID FLOWS.

2. TO CORRELATE EXPERIMENTAL RESULTS.

3. TO DEVELOP AN IMPROVED METHOD FOR PREDICT-
ING LOCAL HEAT TRANSFER RATES FROM FLUIDS
FLOWING UNDER THESE CONDITIONS.



CONVECTIVE HEAT TRANSFER

PRESENT INVESTIGATION INCLUDES:

7. USE OF THE PRODUCTS OF COMBUSTION OF METHANOL AND AIR
AS WELL AS AIR HEATED BY FLOW OVER AN ELECTRIC HEATER.

8. MEASUREMENT OF WALL HEAT FLUX AND STATIC PRESSURE.

9. MEASUREMENT OF BOUNDARY-LAYER STAGNATION PRESSURE AND

TEMPERATURE DISTRIBUTIONS IN NOZZLES AND CONSTANT-DIAMETER
INLET DUCTS.

10. FREE-STREAM STAGNATION PRESSURE AND TEMPERATURE MEASUREMENTS
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BOUNDARY-LAYER VELOCITY DISTRIBUTIONS IN
THE APPROACH SECTION AND 10°-10° NOZZLE.
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HEAT TRANSFER COEFFICIENT h, Btu /(sec in2 °F)

HEAT TRANSFER COFFICIENTS ALONG
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VARIATION OF THE STANTON-REYNOLDS NUMBER
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TURBULENT HEAT TRANSFER PREDICTIONS
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VARIATION OF THE STANTON-PRANDTL NUMBER
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CONVECTIVE HEAT TRANSFER

ANTICIPATED FUTURE EXPERIMENTAL INVESTIGATIONS:

1. STAGNATION TEMPERATURES UP TO 3500 DEG. F.
2. STAGNATION PRESSURES UP TO 500 PSIA.

3. HEAT TRANSFER AND WALL STATIC PRESSURE MEASUREMENTS
IN A SUPERSONIC DIFFUSER.

4. TURBULENCE INTENSITY MEASUREMENTS IN THE FREE STREAM
AND BOUNDARY LAYERS WITH A HOT WIRE.

5. MEASUREMENT OF PRESSURE FLUCTUATIONS ON THE WALL OF
A NOZZLE.

BOUNDARY LAYER AND FREE STREAM PRESSURE, TEMPERATURE,
AND TURBULENCE INTENSITY MEASUREMENTS IN THE TRANSONIC
REGION OF A CONSTANT-PRESSURE-GRADIENT NOZZLE.

o



y@.r«skumdm mmmmmmmn. ﬁss .
S ummmd.wﬁ E, STVISANO

wANNOZ %Qmw 3HNSSIUd
Hz&.mzoo onwmmmam

,wmoma 3wt LOK

ALIDOTIA ONY
TMNLVEISARL
" WHOAIND 40
, {4 001 OL dn)
- . - : ; Hiy LOH
MIJSNYHL 1V3H o , : .
39VSSVd LNVI00D , - \ , ; ;

 sawn Eamzsam

(ANVIN) Sdvi 3uNSSTud oL ,

mmoma mmﬁ«m%
© WeEHIS 334

(NOLLYDOT Jﬁxd wﬁ(m 1v $3804d
BUNSSIMd ONY SHNIVHESHAEL)
wmomu mu»ﬁ .«.mdnz:om -

STIZZON NI H3-SNVEL ,.,Eux IAILOFANOD



~ L/

JPL Job No, 329-10701-1-3831

RESEARCH AND TECHNOLOGY RESUME

3. GOVT. ACCEESION

AT
NR 000566

013000 Plasma

4. DATE OF RESUME 5. KIND OF RESUME 6. SECURITY 7. REGRADING 8. RELEASE LIMITATION . LEVEL OF Higuﬁs 1
01 Ok 65 D Change LI /A A, Work Unit
10a. CURRENT NUMBER/CODE . 10b. PRIOR NUMBER/CODE
129-01~09«04=55
11, TITLE:
Plasma Heat Transfer ,
13. START DATE 14. CRIT. COMPL. DATE lg. FUNDING AGENCY

(T2 SCIENTIFIC OR TEGH. AREA (06400 Fluid Mechanics,

Physics, 005400 Elect, Prop.

07-60

N/A

NR_OTHER |

16. PROCURE. METHOD 17. CONTRACT/GRANT s PROFESSIONAL

i8. RESOURCES EST. MAN-YEARS

b. FUNDS (In thousands)

8. DATE

226

C, In-House [b. wumase PRIOR FY— (o 1.7

335

¢. TYPE d. AmounT CURRENT FY— (£ (0 3.5

19. GOVT. LAB/INSTALLATION/ACTIVITY I 20. PERFORMING ORGANIZATION 1

T

Jet Propulsion Laboratory N/A
L8800 Oak Grove Drive

Pasadena, California 91103

NAMK: RAME:

ADDRESS: ADDRESS:

INVESTIGATORS
PRIMNCIPAL:

ASSOCIATE .
TEL:

RESP. INDIV.: D. R. BaItZ/P. F. Massier
. 213-354-4060

TYPE:

21. TECHNOLOGY UTILIZATION 22. COORDINATION

23. KEYWORDS

240bjectives: to contribute to the understanding of comvective and radiative heat trans-
fer associated with ionized gases flowing under the influence of applied pressure
gradients, magnetic fields, and electric fields, Progressive refinements in the eval-
uation of total radiation from arcs and from mixed thermally ionized gases as well as
converiicn from tonized gases will be made available for the design of devices in
which cuese modes of heat transfer occur, Realistic predictions based on experiments
will also be possible for devices in which the heat transfer may be influenced by the

ssb-cuence of applied electric and magnetic fields such as crossed-field accelerators
and decelerators for propulsion and power and thermal arc jet facilities,
Approach: Wall static pressure measurements and total heat flux measurements by cal-
orimetry are being made from ionized gases flowing through constant diameter ducts,
convergent-divergent nozzles and supersonic diffusers, Gases are ionized by an elec-
tric arc and hence, heat flux distributions along arc head anodes are also being in-
vestigated, The radiation component from the arc has been isolated from the rest of
the apparatus by locating the arc so that most of it cannot be viewed by components
other than electrodes, Total radiation from the gas upstream of the nozzle 1s being

s¢measured by use of a hohlraum,
Progress: Preliminary tests have indicated that swirl does have a significant heat
transfer effect in the convergent part of a nozzle which is located downstream of an
arc head but not so much in the divergent part. Preparation of a technical report
which pertains to one~-dimensional isentropic flow of partially ionized argon has been
completed, A report has also been prepared and submitted for extermal publication on
the prediction of heat transfer from laminar boundary layers with emphasis on large
free stream velocity gradients and highly cooled walls,

27. 28. REQUESTING AGENCY 29. INTER-CENTER SUPPORT 30. CROSS CODE

31. SPECIAL EQUIPMENT

32. FUNDS (8 K) | IN-HOUSE | CONTRACT
PRIOR FY—05 226 N/A
33. uNniQUE PRoJECT | Research Program, SRT curmenT FY—00] 335 n/_A_~
34. SUB FROGRAM Fluid Physics Research NEXT FY— '

35. TASK AREA

Heat, Mass and Momentum Transfer,

NASA FORM 1122

AUGUST 64)

(Itema 1 to 26 identical to DD Form 1488)

(OVER)



oS5

CONTINUATION SHEET
Description of FY66 Work Unit Objectives, Approach and Progress

129-01-09-04~55
PLASMA HEAT TRANSFER
D, R, Bartz, P, F, Massier

Objectives

The general objectives of this task are to contribute to the understand-
ing of convective and radiative heat transfer associated with ionized gases
flowing under the influence of applied pressure gradients, magnetic fields, and
electric fields, Progressive refinements in the evaluation of total radiation
from arcs and from mixed thermally ionizéd gases as well as convection from ion-
ized gases will be made available for the design of devices in which these modes
of heat transfer occur, Realistic predictions based on experiments will also be
possible for devices in which the heat transfer may be influenced by the presenc
of applied electric and magnetic fields such as cross-field accelerators and de-
celerators for propulsion and power, and thermal arc jet facilities,

Approach

Wall static pressure measurements and total heat flux measurements by
calorimetry are being made from ionized argon flowing through constant diameter
ducts, convergent-divergent nozzles and supersonic diffusers, Gases are ionized
by an electric arc and hence, heat flux distributions along arc-~head anodes are
also being investigated, The radiation component from the arc has been isolated
from the rest of the apparatus by locating the arc so that most of it cannot be
viewed by components other than the electrodes, Total radiation from the gas
upstream of the nozzle 1is being measured by use of a hohlraum, Measurement of
the radiation will also be attempted by use of a probe, The convection compo-~
nent is then deduced by subtracting the radiation component from the total heat
flux, During FY66 radial stagnation enthalpy and pressure distributions will
be continued by use of a cooled trexef¥ersing probe, Spectroscopic measurements
will be made to determine gas temperature, During FY66 experiments will be in-
itiated on ionized argon flow through rectangular channels located downstream of
a nozzle, Magnetic and electric fields will be applied across these channels an
an attempt will be made to measure the force on the magnet which is associated
with the acceleration or deceleration of the flow,

Several analyses are being programmed on a digital computer, These will
be used to make comparieons of the flow variables using the various prediction
methods, Some of the measurements such as static pressure and heat flux distri~
butions will be used as boundary conditions to predict other flow variables,
These analyses differ by the assumptions that are made, some of which are: (1)
one-dimensional isentropic core flow, (2) quasi two~dimensional flow with heat
transfer, (3) non-equilibrium flow, which incorporates the use of recombination
rate equations,

Since swirl is frequently employed to help stabilize an arc, the influ-
ence of the swirl component on the flow field and on heat transfer is being in~
vestigated and this will be continued during FY66, Both room temperature and
high temperature gases are being used,

-1-
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Preliminary tests have indicated that swirl does have a significant heat
transfer effect in the convergent part of a nozzle which is located downstream
of an arc head but not so much in the divergent part, Cold flow tests indicate
that the tangential velocity component is high at the nozzle inlet for a com-
paratively high injection velocity in comparison to the axial component but be-
comes less important as the flow accelerates through the nozzle since the axial
component accelerates much more rapidly than the tangential component,

Preparation of a technical report which pertains to one-dimensional isen-
tropic flow of partially ionized argon has been completed, Results are presented
in tabular, as well as graphical form, so that trends as well as accurate numeri-
cal values may be easily determihed, Equilibrium thermodynamic equations derived
by the partition function method were combined with the one-dimensional flow
equations and solved numerically on a.digital computer to obtain the results, A
report has ®kso been prepared and submitted for external publication on the pre-
diction of heat transfer from laminar boundary layers with emphasis on large
free stream velocity gradients and highly cooled walls, Ionization was neglected;
however, the approach is believed to be valid for gases that have small ionization
to total energy fractioms,

Experimental results on thermally ionized argon that have been obtained
thus far include total heat flux distributions to the walls of an axisymmetric
test apparatus consisting of arc head electrodes, mixing chamber, supersonic noz-
zle and a supersonic diffuser, No external magnetic or electric fields have as
yet been applied except across the upstream electrodes in order to ionize the
argon, Static pressure distributions have been made along the mix*ng chamber,
nozzle and diffuser and some radiant energy measurements have been ma i i f%ﬂ
mixing chamber with a cooled hohlraum. The knowledge acquired from these tesiw
has been reported in the Space Programs Summaries listed in the References, At
the nozzle inlet, average stagnation temperatures based on an energy balance
have ranged up to about 12,000°K, ionization fractions up to 0,26, stagnation
enthBlpies up to 7600 Btu/lband stagnation pressures between 0,1 and 2,0 atmos-
pheres,

Significant results of these tests are: (1) the maximum heat flux occurs
to the anode which is attributed largely to the electron bombardment, (2) under
certain conditions, the heat fluxes to the nozzle walls have been large enough
that about 707 of the total energy at the inlet was transferred to the nozzle
by the time the flow reached the throat, (3) if it is assumed that the total heat
transferred to the nozzles is caused primarily by convection, the trends in terms
of Stanton number vs, Reynolds number are similar to those obtained for unionized
argon except for an apparent additional influence of the stagnation pressure,

(4) the slopes of the trends are somewhat different for the two different nozzles,
(5) swirl in the flow tends to shift the peak heat flux location of the nozzle
farther upstream of the throat than when no swirl is present,

Insufficient data have as yet been obtained to make conclusive state-
ments regarding the comparative magnitude of the thermal radiation,
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PLASMA HEAT TRANSFER
NASA Work Unit 129-01-09-04
JPL 329-10701-1-3831

EFFECT OF MAGNETIC AND ELECTRIC FIELDS ON HEAT TRANSFER -

Installation of power cables to the Building 107 test area has been completed.
Experiments pertaining to the influence of electric and magnetic fields on heat transfer
from ionized gas flows are to be conducted at this location. An electromagnet has
been properly oriented and mounted on the thrust stand., The vacuum duct with
quartz windows to be used as part of this installation has been designed and fabricated.
It is now being installed. Fabrication of a test stand to support the plasma generator
and the installation of coolant lines, a gas supply line, and rotameters will be done
later. It is anticipated that preliminary experiments with applied magnetic fields will
be conducted during the second half of FY 1966,

INFLUENCE OF SWIRL ON HEAT TRANSFER

Experiments of heat transfer from ionized argon flows have thus far been
limited to measurements of heat flux distributions to the electrodes of arc plasma
generators, mixing chambers, nozzles, and diffusers pending the completion of the
Building 107 test facility. Significantly higher heat fluxes have been found to occur
in the convergent part of a convergent-divergent nozzle for swirling flows than for
flows without swirl (Ref. 1). Swirl is often introduced into arc heads to improve per-
formance., To more easily evaluate the influence of swirl on fluid dynamic parameters
that affect heat transfer, tests are being conducted of argon flows at room tempera-
ture in conjunction with the ionized gas flow tests. Cold flow tests conducted in the
apparatus without electrodes present, as shown in Fig, 1, indicate that the ratio of
the tangential velocity to axial velocity is very high in the convergent part of the
nozzle, as shown in Fig, 2, Furthermore, this velocity ratio decreases as the
flow progresses through the nozzle. Because convective heat transfer is proportional
to mass flux, this velocity ratio indicates that high heat fluxes would be expected in
the convergent region when swirl is present, The tangential and axial velocity compo-
nents were determined from temperature and static pressure measurements along
the end wall and static pressure measurements along the nozzle wall. To compute
the velocities, it was assumed that boundary layers were thin and that viscous forces
and radial components of velocity were negligible. Velocity distributions upstream of
the nozzle and along the nozzle are shown in Fig. 3. A more detailed discussion of
these results is given in Ref, 2.

HEAT TRANSFER TO NOZZLES, MIXING CHAMBERS, AND DIFFUSERS

The next series of heat transfer tests will be started about the beginning of
FY 1966 with two hohlraums in the mixing chamber and with the arc head located
around a corner from the nozzle, as shown in Fig. 4. The hohlraums (one with a
quartz window and one without a window) will be used to measure the thermal radiation
from the gas. The electrodes are located so that the apparatus downsteam cannot
view the arc. The dummy cathode shown in Fig. 4 contains pressure taps and was
used for initial cold flow tests. These cold flow results show that (even though the
gas was injected tangentially and, hence, a comparatively strong vortex existed in
the cathode housing) there was no evidence of swirl after the gas had turned the
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Fig. 2. Ratio of tangential to axial velocity distribution along
0.3 in. Dth nozzle for argon flow with swirl

corner. The dummy cathode has been replaced by a tungsten cathode without pressure
taps, which will be used for the heat transfer tests that will follow. It is anticipated
that spectroscopic and probe measurements will be made during some of these tests.

‘PUBLICATIONS, PRESENTATIONS, AND MEETINGS

The paper on the laminar boundary layer analysis (Ref. 3) that was discussed
in the first Quarterly Progress Review for FY 1965 has been accepted for presenta-
tion at the 8th National Heat Transfer Conference, Los Angles, August 8-11, 1965,

The work of the Plasma Heat Transfer investigations was given before the
NASA Research Advisory Committee on Fluid Mechanics at JPL May 6, 1965, This
work was also discussed with Dr. Robert W. Graham, Head, Experimental Section,
Lewis Research Center, and his associates,
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PLASMA HEAT TRANSFER
OBJECTIVES

1. TOGAIN AN UNDERSTANDING OF THE CONVECTION AND
RADIATION HEAT TRANSFER PHENOMENA ASSOC_lATED'
WITH IONIZED GASES FLOWING UNDER THE INFLUENCE
OF PRESSURE GRADIENTS, MAGNETIC FIELDS AND
ELECTRIC FIELDS.

2. TO CORRELATE EXPERIMENTAL RESULTS.

3. TO DEVELOP A METHOD FOR PREDICTING LOCAL HEAT
TRANSFER RATES FROM IONIZED GASES FLOWING UNDER
THESE CONDITIONS.
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PLASMA HEAT TRANSFER

PRESENT INVESTIGATION INCLUDES:
1. STEADY FLOW OF THERMALLY IONIZED ARGON.
2. LAMINAR, TRANSITIONAL AND TURBULENT FLOWS.

3. AVERAGE STAGNATION TEMPERATURES AT THE NOZZLE INLET
BETWEEN APPROXIMATELY 2,000 AND 12,000 K.

4. STAGNATION PRESSURES BETWEEN 1.0 PSIA AND 40 PSIA.

5. AVERAGE IONIZATION FRACTIONS AT THE NOZZLE INLET UP
TO APPROXIMATELY 0.3.



PLASMA HEAT TRANSFER

PRESENT INVESTIGATION INCLUDES:

6. MEASUREMENT OF WALL STATIC PRESSURES AND COMBINED
HEAT TRANSFER RATE DISTRIBUTIONS ALONG THE WALLS OF
ARC JET ELECTRODES, MIXING CHAMBERS, NOZZLES AND EX-
HAUST DIFFUSERS. COMBINED HEAT TRANSFER RATE INCLUDES
CONVECTION AND THERMAL RADIATION.

7. MEASUREMENT OF THE RATE OF THERMAL RADIANT ENERGY
TRANSFERRED TO THE WALL OF A MIXING CHAMBER. THIS IS
ACCOMPLISHED BY USE OF HOHLRAUMS.



PLASMA HEAT TRANSFER

PRESENT INVESTIGATION INCLUDES:

9.

10.

1.

12.

COMPARISONS OF EXPERIMENTAL HEAT FLUX DISTRIBUTIONS
FOR FLOWS WITH SWIRL AND WITHOUT SWIRL.

MEASUREMENT OF TEMPERATURE AND STATIC PRESSURE DIS-
TRIBUTIONSALONG THE WALLS OF THE TEST APPARATUS USING
ARGON FLOW AT ROOM TEMPERATURE IN ORDER TO GAIN A
BETTER UNDERSTANDING OF SWIRLING FLOW FIELDS.

ANALYSES OF SWIRLING FLOWS THROUGH NOZZLES.

SPECTROSCOPIC MEASUREMENTS IN THE JET LEAVING THE
TEST APPARATUS, THE MIXING CHAMBER AND THE ARC TO

DETERMINE EQUILIBRIUM ELECTRON CONCENTRATION AND
GAS TEMPERATURE.
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PLASMA HEAT TRANSFER

ANTICIPATED FUTURE EXPERIMENTAL INVESTIGATIONS:

1. MEASUREMENTS OF THERMAL RADIATION DISTRIBUTIONS WITH
A COOLED PROBE.

2. STAGNATION ENTHALPY, STAGNATION PRESSURE AND STATIC

PRESSURE DISTRIBUTION MEASUREMENTS UPSTREAM AND DOWN-
STREAM OF NOZZLES WITH PROBES.

3. HEAT TRANSFER RATE AND PRESSURE MEASUREMENTS IN
CHANNELS WITH APPLIED ELECTRIC AND MAGNETIC FIELDS.
USE OF A RADIATION-COOLED NOZZLE.

4. USE OF GASES OTHER THAN ARGON.
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CONTINUATION SHEET
Description of FY66 Work Unit, Objectives, Approach and Progress

129-01-04-01-55
PLASMA SOURCES, GENERATORS AND ACCELERATORS
D. R, Bartz, G, R. Russell

Objectives

The primary objective is to produce several types of plasma sources capable
of producing large volumes of high energy, steady-state plasma to be utilized in
the study of transport phenomena, inelastic rate processes, and sh8ck wave struc-
ture, A secondary objective is to develop a basic understanding of the operation
of non-equilibrium MHD accelerators and generators, Generator and accelerator
research is directly related to the areas of space power generation, electrical
propulsion, and high energy wind tunnel simulation,

AEEroach

In FY65 attention has been focused on two types of devices - the cross-
field accelerator and the MPD (Ducati) arc, The first phase of the cross-field
accelerator work at pressures of approximately lmmHg has been completed, It is
thought that the performance can be appreciably improved by using segmented
electrode geometry, applied axial electric fields and most importantly, by a pre-
cise controlling of the applied magnetic field, Therefore, the accelerator is
now being modified and experiments will be started with the modified accelerator
section in the first quarter of FY66,

Work will be continued to determine the operating limits of the water-
cooled MPD arc and to determine the plasma properties in the arc exhaust, 1In
addition, a partially water cooled MPD arc with and without porous electrodes is
being designed, with little or no mechanical containment, Experiments with this
arc will be started in the last quarter of FY65 and continued in FY66, The ex~
hagst of four of the water cooled arcs operated simultaneously will be used as a
plasma source for the shock wave studies,

Theoretical work indicates that both MHD power generation and cross-field
acceleration is possible utilizing inert gases without seeding at high pressures
and low inlet temperatures where the radiation produced by electromagnetically
induced nonequilibrium ionization is self-absorbed, To determine the feasibility
of this concept, both generator and accelerator tests will be conducted in a shock
tunnel, One test section will be constructed for both tests, The shock tunnel is
currently available as part of the Shock Tube Laboratory at JPL.

Progress

Accelerator ratios of the order of two at thermal efficiencies of 60 - 70%
have been achieved with a single stage, constant pressure cross-field accélerator,
Electron temperature and density, velocity, and total pressure measurements have

-1~



been made in the accelerator exhaust, The experimental results are in qualita-
tive agreement with theory, indicating that the accelerated plasma is far from-
equilibrium, It is believed that the length of the magnetic field region and the
inability to control the magnetic field gradients at the accelerator entrance and
exit are causing large kinetic energy losses, 1In addition, in a single stage
device, the axial electric field cannot be adequately controlled, The accelera-
tor is currently being modified to reduce these deleterious effects,

A water cooled MPD (Ducati) arc has been designed and tested, The amc has
been operated over a current range of 100 to 4000 amperes covering a total inmput
power range of 2,5 to 100 KW with argon cmass flows of ,05 to 1,5 gms/sec, Exten-
sive diagnostics of the arc exhaust have been completed, The most important result
of the diagnostic work is that the degree of ionization does not exceed %OZ, indi-
cating that at the measured electron temperatures of the order of 18,000 K, the
exhaust gas is completely 8uttof equilibrium, The diagnostic work will be reported
in a paper to be given at the summer meeting of the ATAA,

Tests have begun with an open Ducati arc head utilizing porous electrodes,
Preliminary results are excellent, A well collimated beam of plasma is formed
and containment is achieved principally by the arc's self induced magnetic field,
Large erosion rates of the porous carbon cathodes have been observed at high cur-
rent levels, Several types of porous and slotted tungsten cathodes are currently

being fabricatdd and will be used to attempt to limit the erosion rates to accept-~
able limits,

_ Papers published or to be published as a result of work conducted in FY65
are as follows:

Kelly, A.,, Gardner, J,, Nerheim, N., "Electron Density
and Temperature Measurements in the Exhaust of a MPD
Arc," ATAA Paper No. 65-298, presented at ATAA Second
Annual Meeting, San Francisco, Calif., July 1965,
accepted for AIAA Journal,

Russell, G, R., "Nonequilibrium Flow in a Linear MHD
Generator Utilizing an Inert Gas Without Seeding,"

International Symposium on MHD Power Generation, Paris,
July 1964,
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FLUID PHYSICS RESEARCH (129-01)

PLASMA SOURCES, GENERATORS, AND ACCELERATORS
NASA Work Unit 129-01-04-01
JPL 329-11101-1-3832

MAGNETO-PLASMA DYNAMIC (MPD) SOURCE

A water cooled MPD plasma source, first described by Ducati, Gianinni,
and Muehlberger (AIAA Journal, 1964), has been designed and tested in the latter
half of FY 1965. The source has been operated over a current range of 100 to
4000 amp, covering a total input power range of 2.5 to 100 kw with argon mass flows
of 0.05 to 1.5 gm/sec.

Extensive diagnostics of the source exhaust have been completed and are
reported in Ref. 1. The most important results of the study are:

1. Gas enthalpy calculated from power input, cooling water losses,
and gas flow measurements show that at the exit of the source the
degree of ionization must be lower than equilibrium based on the
spectroscopically determined electron temperature.

2. Immediately downstream of the source exit, impact probe
measurements revealed the existance of a barrel shock closed by
a normal shock. Downstream of this shock, impact and velocity
probe measurements indicate that the Mach number of the plume
is close to unity.

3. Measured electron density levels in the plume downstream of the
shock region are orders of magnitude larger than electron den-
sities calculated from the Saha equation using measured electron
temperatures.

A thrust stand for use in a vacuum tank, at the MPD thrust level, has been
designed and fabricated in the last quarter of FY 1965, In the first quarter of FY 1966,
thrust measurements will be made with this thrust stand, coincident with the plume
diagnostics. In particular, a correlation will be made between measured thrust and
measured velocity in the plume to determine the magnitude of jet entrainment.

In the last half of FY 1965, tests were begun with an open MPD source using
porous electrodes. Preliminary results indicate that a well collimated beam of
plasma is formed, and containment is mainly achieved by the arc's self-induced
magnetic field. Large erosion rates of the porous carbon cathodes have been observed
at high current levels. Several types of porous and slotted tungsten cathodes are now
being fabricated and will be tested in the first quarter of FY 1966 to attempt to limit
the erosion rates to acceptable levels. In addition, velocity measurements in the
plume will be made with and without material confinement to determine whether the
flow can be accelerated at constant pressure to prevent shock formation downstream
of the source exit.



ACCELERATOR-GENERATOR STUDY

A computer program to generate both nonequilibrium accelerator and generator
flows will be completed in the first quarter of FY 1966. The program includes
nonscalar electrical conductivity, nonequilibrium radiation, ionization and recombin-
ation rates, thermal conduction, charge exchange, and thermal-electric effects.
Preliminary results obtained with a part of the program are reported in Ref. 2 and 3.

Results obtained from the computer program indicate that both MHD power
generation and cross~field acceleration are possible using inert gases without seeding
at low inlet temperatures (2000 to 3000°K corresponding to stagnation conditions in a
nuclear reactor). To determine the feasibility of this concept, both generator and
accelerator tests will be conducted with segmented constant pressure test-sections.

Initially, steady-state tests will be conducted in a plasma vacuum facility.
The test section design will be started in FY 1966 and fabrication should be completed
in the second quarter of FY 1966, On completion of the test section and assembly of
the necessary diagnostics, experiments will be initiated to determine the degree of
electron temperature elevation and the resulting nonequilibrium radiation and ioniza-
tion. The experimental results will be compared with the computer program described
above.

PRESENTATIONS

The paper titled, Nonequilibrium Flows in Crossed Electric and Magnetic
Fields, by G. R. Russell, was presented before the NASA Research Advisory
Committee on Fluid Mechanics at JPL on May 6, 1965,

REFERENCES

1. Kelly, A. J., Nerheim, H. M., Gardner, J. A., Electron Density and Tempera-
ture Measurements in the Exhaust of a MPD Source, AIAA Second Annual Meeting
and Technical Demonstration, San Francisco, California, July 26-29, 1965.

2. Russell, G. R., Nonequilibrium Flow in a Linear MHD Generator Utilizing an
Inert Gas Without Seeding, International Symposium on MHD Power Generation,
Paris, July 1964.

3. Russell, G. R., '"The Effect of Electron Drift Velocities and Temperature
Gradients in Nonequilibrium MHD Generators, ' Submitted to Physics of Fluids.
June 1965.
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129-01-05-04-55
PLASMA TRANSPORT PROPERTIES, SHOCK WAVES,
AND INELASTIC RATE PROCESSES
D. R, Bartz, G, R, Russell

Objectives

The overall objective is to study experimentally transport phenomena,
shock wave structure, and inelastic rate processes in partially ionized gases,
Particular attention is focused on the nonequilibrium plasma where radiation
can play an important role in the inelastic rate processes, and plasma insta-
bilities can contribute to anomalies in the transport properties, This research
is directly related to the development of electrical propulsion device, MHD
generators and high temperature wind tunnel simulators which operate almost en-
tirely in a region where the working fluids (partially ionized gases) are not
in equilibrium,

Determination of shock structure, measurement of electron recombination
rates, and the measurement of ionization rates in seeded inert gases will be
emphasized in FY66,

AEEroach

Four experiments are planned for FY66 - measurement of electron rebombi-
-nation rates, determination of shock wave structure, anomalous plasma diffusion,
and the measurement of ionization rates in seeded inert gases,

Measurement of electron recombination rates in argon have been measured
in a discharge tube during FY65, Measurements will be continued in FY66 in a
larger 50 cm diameter tube, using several pure inert gases and mixtures of inert
gases, In addition, in the regime of low electron temperatures and densities,
dissociative recombination rates and the associated production rates of molecular
ions will be determined where plasma diffusion can be definitely ruled out as a
source of electron depletion,

A standing shock wave will be produced in the exhaust of four MPD arcs in
the large plasma vacuum facility., It is expected that the shock wave thickness
based on atom-atom collisions ahead of the shock will be of the order of several
centimeters, The electron density gradients in and adjacent to the shock front
will be measured by Thomson scattering from a giant pulsed laser., Electron tem-
peratures will be measured using relative-line intensity techniques,

This measurement of ionization rates in seeded inert gases will be con-
ducted in a heated shock tube, which will be designed and constructed during the
latter half of FY66, It is anticipated that preliminary experiments can be starte

-1-
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in the last quarter of FY66, Ionization rates will be measured at relatively
low pressures where radiative losses from the plasma can affect the fonization
mechanism, Therefore, boththe rate of ionization and the accompanying radiation
due to nonequilibrium effects will be measured, These results will be directly
applicable to the design of MHD generators utilizing seeded inert gases at ele-
vated electron temperatures,

The anomalous plasma diffuséom experiment started in FY65 will be continued
in FY66, utilizing several inert gases in addition to argon, The magnetic field
will be increased to the order of 10° gauss, and the effect of electric fields
applied perpendicular to the magnetic field will be studied,

Progress

Electron-ion recombination rates have been obtained in a discharge tube
utildzing pure argon over an electrgn ta-peratgge range of 300 < Te < 1600°K
and an electron density range of 107 { ng (10 The mechanism is three body
and radiative-~three body recombination, The results are in agreement with the
theoretical work of Byron,

Anomalous plasma diffusion has been measured in a discharge tube with
varying confining magnetic fields and gas pressures, Measurements were taken
only in the diffusion dominated regime. The most important result is that the
diffusion is classical (ambipolar) with magnetic fields less than about 1000
gauss and varies as 1/B“, For fields exceeding 1000 gauss, the diffusion ex-
ceeds the classical values and varies as 1/B, At the onset of the anomalous
diffusion, instabilities appear in the plasma, These instabilities are shown
to be due to the '"universal instability", The most important results of this
study are summarized in the following two papers:

Chen, C. J., "Anomalous Diffusion and Instabilities
of Argon Plasma in a Strong Magnetic Field," submitted
to Journal of Applied Physics, also JPL TR 32-695,

Chen, C, J., 'Valid Condition for Kramers-Unsold
Continuim Theory in a Nonequilibrium Plasma," submitted
to the Physics of Fhuids,

Chen, C. J., Comments on 'Visible Continuum Emission
from Shocked Noble Gases,'" Physics of Fluids, Vol. 8,
No. 8, August 1965,

JPL Job No, 329-11201-1-3832
3-9-65
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PLASMA TRANSPORT PROPERTIES, SHOCK WAVES
AND INELASTIC RATE PROCESSES
NASA Work Unit 129-01-05-04
JPL 329-11201-1-~3832

ELECTRON RECOMBINATION RATES

The discharge tube and associated equipment for the recombination rate
experiment have been assembled and preliminary experiments have begun. A pyrex
tube 60 cm long and 50 cm in diameter will be filled with gases (argon is now being
used) at pressures from 1lp to 100p. A capacitor bank (3000 J) is triggered to dis=-
charge through the tube. After the cessation of the discharge, the time rates of the
decay of electron temperature and density are observed. The dimension of the dis-
charge tube is so chosen to assure that the diffusion of the charged particles in the
whole range of electron density (1 09 to 1015c¢m=3) and electron temperature
(300 to 16,000°K) produced in the discharge is negligible in comparison with that
because of recombination. The electron density as a function of time is measured by
observing the continuum radiation at 5530 A and ion probe output. Both of these
measurements are calibrated by using a microwave cutoff point., The electron
temperature is measured by using the spectral line ratio methqQd and the triple probe
method. The high quantum number argon lines 4259 and 4158 A are chosen in the
temperature measurement to assure that their populations have Boltzmann distribu-
tions. The results of the electron density measurements obtained from continuum
intensity and ion probe measurements agree within 30% throughout the duration of the
decay when both data are normalized to the microwave cutoff pointl. The electron
temperature measurement by spectroscopic and probe methods cannot be made much
below 4000°K for the conditions of the experiment. The electron temperature below
4000°K is obtained from an extrapolation by using the electron energy equation. The
atom temperature has to be known to make such an extrapolation. Because of the
high electron temperatures and densities attained in the initial discharge, an
appreciable amount of energy is transferred to the atomic component of the plasma
during and before the period when the recombination rates are measured. Because
of the increase in the atom temperature, extrapolation of the electron temperature
cannot be made assuming a final value for the atomic temperature. Therefore, work
is being carried out to measure the plasma pressure so that the temporal behavior of
the atom temperature can be determined. A strain gage pressure transducer has
been used for this measurement, Because of its slow rise time, only the asymptotic
portion of the pressure response is used to evaluate the atom temperature. Pressure -
gages with a rise time of better than 100y sec at a pressure of the order of 1 mm Hg
are required. A gage is being designed to satisfy the requirements mentioned above
and testing will begin at the start of FY 1966. On completion of the pressure gage
tests, electron recombination rates will be measured in the inert gases and inert gas
mixtures. At low electron temperatures, where dissociative recombination is a
possible recombination mechanism, a mass spectrometer will be used to measure the
molecular ion production rate because this production rate may limit the dissociative
recombination rate. Experiments using the mass spectrometer will not be started
until the end of the first half of FY 1966.

1Chen, C. J., "Anomalous Diffusion and Instabilities of Argon Plasma in a Strong
Magnetic Field, ' submitted to Phys. Fluids, also JPL 32-695.




Three body-radiative recombination rates have been measured in argon over
an electron temperature range of 1000 <Tg <16, 000°K and an electron density range
of 109 <ng <1015 cm=3, The data is in general agreement with the theoretical work
of D. R. Bates, A. E. Kingston, and R. W. P. McWhirter (Proc. Roy. Soc.,

Vol. 267 and 270) and S. Bryon, R. C. Stabler, and P. I. Bortz (Phys. Rev. Let.,
Vol. 8, No. 8). i

SHOCK WAVE STRUCTURE

In the first quarter of FY 1966, after completion of a feasibility study of using
Thomson scattering of a laser beam to measure electron densities, an experiment
will be undertaken to measure electron temperature and density gradients in and
adjacent to a shock wave in a partially ionized gas. A standing shock wave will be
produced in the exhaust of four MPD arcs in a vacuum plasma facility. It is expected
that the shock wave thickness, based on atom=-atom collisions ahead of the shock, will
be of the order of several centimeters. The electron density gradients in and adjacent
to the shock will be measured by Thomson scattering from a giant-pulsed laser,
Electron temperatures will be measured using relative-line intensity techniques. The
experimental work will be compared to the theory of M. Y. Jaffrin (Phys. Fluids,

Vol. 8, No. 4),.

PRESENTATIONS

The paper titled, Anomalous Diffusion and Electron Recombination, by
C. Chen was presented before the NASA Research Advisory Committee on Fluid
Mechanics at JPL on May 6, 1965,




MAGNETIC ﬁ‘— SPECTROGRAPH
coIL LIGHT BEAM mAoNETIC
colL
DIFFUSION 5 ohs
PU:@.%/MP INLET
- I .

ELECTROSTATIC MAGNETIC |
KI PROBE | ¢]prose lj
R
MAGNETIC MAGNETIC
coiL MICROWAVE CcolL
lr—___l
| | TRIGGER
| } UNIT
(o¢) Mo
| |
1 o

} 1
CAPACITOR BANK

]



a, cm® sec

R 4/(03’? i
i — i
10 ~ v

10
7
O

e
|

— PRESENT EXPERIMENTAL
DATA FOR ARGON

O BATES AND KINGSTON
, THEORY FOR H,

O 0O DUGON CALCULATION FOR Ar
=11

10 ] | I e 1 1 . L ittt
19! 10° 10!

TIME, msec

COEFFICIENT OF RECOMBINATION
FOR ARGON

L1 1 1 111

i




1S

10 -

E, eV

— THEORETICAL PREDICTION
+ EXPERIMENTAL POINTS

/

o[l

[ 11

+
L4l 11

-+

| 1 1]

+

|

| 1]

i
0

{0

ELECTRON DENSITY, cm™°

2

13
10

14
10

10

E AS FUNCTION OF ELECTRON
DENSITY

15



LASER BEAM
PHOTO MULTIPLIER

LENS FILTER
TO DC HIGH
l VOLTAGE SOURCE
’ PROBE
GAS INLET — ’VACCUM PUMP

= 10 TEKTRONIX 519
OSCILLOSCOPE

SCHEMATIC DIAGRAM FOR GAS BREAKDOWN BY
LASER BEAM STUDY



P=760 mm Hg OF ARGON

P=110 mm Hg OF ARGON

CURRENT, arbitrary units

P=2 mm Hg OF ARGON

—=TIME, 20 ns/cm

ELECTRIC PROBE SIGNALS OF
STATIONARY PLASMA DROP



WITHOUT FLOW
-—PROBE |

LENS ) e ~—PROBE 2

FLOW—II I
PROBE | PROBE 2

LASER BEAM

,,,,,,,,, M WITH FLOW
2 -—PROBE |

; =~ PROBE 2
—TIME, 50 usec/cm

ELECTRIC PROBE SIGNALS OF MOVING PLASMA DROP



TIME, sec

10"
|0'7___.
10 =
N P=PRESSURE=50 mm
N Hg OF ARGON GAS
10°
; n,=PHOTON DENSITY =
30 -3
B IO cm
IO-|0;_ [
o'l L L L L
0 0.02 0.06 0.10 0.4
RADIUS, cm

RADIUS OF PLASMA
DROP AS FUNCTION
OF TIME



CONVECTIVE HEAT TRANSFER

PRESENT INVESTIGATION INCLUDES:

1. CONVECTIVE HEAT TRANSFER (NEGLIGIBLE RADIATION).
STEADY FLOWS

NON-REACTIVE FLOWS

TURBULENT FREE STREAM AND BOUNDARY LAYERS.
STAGNATION TEMPERATURES BETWEEN 500 AND 1500 DEG. F.
STAGNATION PRESSURES BETWEEN 20 AND 250 PSIA.

o U AN



ELECTRON ENERGY, eV

100
80

40

20

0

T T T 71717 I T T T 11
=PRESSURE=50 mm Hg OF ARGON GAS

1

P

n, =PHOTON DENSITY=1030 ¢m-3

hy =PHOTON ENERGY=179 eV

+ =EXPERIMENTAL POINTS CALCULATED
FROM RATE OF EXPANSION OF THE

- PLASMA DROP

. — =THEORETICAL CURVE

[ L1 117

1

TIME, sec

ELECTRON ENERGY AS FUNCTION OF TIME



1.0
0.9

0.8
0.7
0.6
:'E’ 0.5
0.4
0.3
0.2
0.1

| n_ =PHOTON DENSITY=10% cm™3

] R I | ) |
P =PRESSURE =50 mm Hg OF ARGON

hy =PHOTON ENERGY = 1.79 eV

10 20 30 40 50
TIME, ns

ELECTRON DENSITY AS FUNCTION
OF TIME




RISE TIME (90% OF MAX) ns

P mm Hg
CALCULATION MEASURED
2 180 120
50 80 80
760 I8 20

COMPARISON OF ELECTRON
DENSITY RISE TIME




RESEARCH AND TECHNOLOGY RESUME

JPL Job No, 329-11401-1-3832
7 GOVY. ACCESEION | 3. AGENCY ACCESSION
6k

|NR

129-01-07-01-55

4. DATE OF RESUME [5. KIND OF RESUME 6. SECURITY 7. REGRADING 8. RELEASE LiMITATION . LEVEL Of V)
oLoké65 |[DC LA ;/A A. Work Unit |
iﬁn. CURRENT NUMBER/CODE . 10b. PRIOR NUMBER/CODE

WLE:
Plasma Diagnostics

T2 SCIENTIFIC OR TECH. AREA 006400 Fluid Mech.
013000 Plasma Physics, 009600 Masers &

i.aser

15. FUNDING AGENCY

.1 SR OTHER

14. CRIT. COMPL. DATE

N/A

13. START DATE

07-61

e ]
T6. PROCURE. METHOD 17. CONTRACT/GRANT 18. RESOURCES EST. | 2. THQrECSIONAL | b. FUNDS (In thousands)
4. DATE
C, In<House b. wumaER PRIOR FY— (o 0,6 119
. rYex d. AmounT CURRENT FY— L& 1.4 155
19, GOVT, LABJINSTALLATIONJACTIVITY [ 1 20. PERFORMING ORGANIZATION I T

NAME:

Jet Propulsion Leboratory
4800 Oak Grove Drive
Pasadena, California 91103

ADDRESS:

ausr. mowv: Do Ro Bartz/G. R, Russell
m. 213-354- 4060

NAME:

ADDRESS:

INVESTIGATORS
PRINCIPAL:

ASBOCIATE:

TEL: TYPE:

21. TECHNOLOGY LTILIZATION

2. COORDINATION

23. KEYWORDS

24

- Approach:

work utilizing steady-state plasmas,

plasmas,

Kelly,
Kelly,
in the

Exhaust of an MPD Are, "
(July,

1965.)

ObJectives: The long range objective is to develop the capability of measuring indep-
endently all the thermodynamic, radiative, and kinematic variables of a partially ion-
ized gas which is not necessarily in equilibrium,

In FY 66, measurements of the electron density and plasma velocity will be em-
phasized utilizing several independent techniques.

Thomson scattering in a laser beam, Langmuir probes, and 90 and 24 G cps
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Spectroscopic work (relative line intensity
measurements) will be continued to measure electron temperatures in nonequilibrium

Progress: Both fixed and swinging-arm 24 G cps microwave systems have been‘completed
and are currently being used on a routine basis.

emeasure both electron temperature and density.

measured using relative line intensity methods,
measure the plasma velocity and total pressure.

A,, "A Microwave Probe for Plasma Plumes,' AIAA, March 1965.
A., Gardner, J.,, Nerheim, N,, "Electron Density and Temperature Measurements
paper to be given at summer meeting of AIAA,

Spectroscopic methods
Work with the

Langmuir probes are being used to
Electron temperatures have been
Translating probes have been used to

37 28. REQUESTING AGENCY

29. INTER-CENTER SUPPORT 30. CROSS CODE

31. SPECIAL EQUIPMENT 32. FUNDS (§ K) | IN-HOUSE | CONTRACT
PRIOR FY—D5 119 N/A

33. UNIQUEPROJECT| . Ragearch Program, SRT currRenT FY—66[ 155 N/A

34. SUB PROGRAM Fluid Physics Research NEXT FY—

35. TASK AREA

Plasma Diagnostics

NASA FORM 1122 (AUGUST &) -
(Itema 1 to 96 idendical lo DD Form 1488)

(OVER)



214

CONTINUATION SHEET
Description of FY66 Work Unit Objectives, Approach and Progress

129-01-07-01-55
PLASMA DIAGNOSTICS
D, R, Bartz, G, R, Russell

Objectives

The overall objective is to develop the capability of measuring indepen-
dently all the thermodynamic, radiative, and kinematic variables of a partially
ionized gas which is not necessarily in equilibrium,

In FY66 measurements of the electron density and plasma velocity will be
emphasized utilizing several independent techniques,

AgEroach

The electron density will be measured utilizing three techniques - laser
scattering, microwave dlagnostics and Langmuir probes,

A giant pulsed laser is currently being assembled during FY65 to be used
to measure electron densities by monitoring Thomson scattering from the beam in
a partially ionized gas, The scattering experiments will first be conducted
utilizing a stabilized stationary arc, If this proves successful, the Thomson
scattering will be measured to determine the electron density gradients in and
adjacent to a shock front,

The use of the 24 G cps system will be continued in FY66, The 90 G cps
stationary and swinging arm systems will be assembled, tested, and should be
available for routine use by the end of FY66,

Square-wave heating of Langmuir probes is being investigated in FY65, and
will be continued in FY66, In particular, shock tube tests of the heated probes
will be compared to steady-state tests conducted in the plasma vacuum facility
utilizing a steady plasma source,

The plasma velocity will be measured with two techniques - the magnetic
velocity probe, spectroscopic methods utilizing lasers, Work with the magnetic
velocity probe will be continued in a shock tube during FY66 and compared to
existing work utilizing steady-state plasmas, The doppler shift of the light
from a laser beam directed almost parallel to the plasma flow will be used to
measure the plasma velocity, These laser measurements will be compared with the
magnetic velocity probe data,

-
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Progress

Both fixed and swinging-arm 24 G cps microwave systems have been com-
pleted and are currently being used on a routine basis, Langmuir probes are

being used to measure both electron temperature and density in the exhausts of
the cross-field accelerator and MPD arcs,

The Langmuir probe data taken in the exhaust of the MPD arc has been com-
pared with spectroscopic measurements of the electron temperature and microwave
measurements of the electron density, The different methods agree quite closely
except in regions of large plasma gradients, It is not yet clear (in these grad-
ient regions) which of the diagnostic methods is the most reliable,

Papers published during FY65 in areas of Plasma Diagnostics are:

Kelly, A,, "A Microwave Probe for Plasma Plumes,"
ATAA Journal, Vol., 3, No. 2, February 1965,

Kelly, A., Gardner, J., Nerheim, N., "Electron
Density and Temperature Measurements in the Exhaust
of a MPD Arc," AIAA Paper No, 65-298, presented at
ATAA Second Annual Meeting, San Francisco, Calif.
July 1965, accepted for ATIAA Journal,.

JPL Job No. 329-11401-1-3832
3-9-65
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PLASMA DIAGNOSTICS
NASA Work Unit 129-01-07-01
JPL 329-11401-1-3832

LASERS

A giant-pulsed 100 Mw laser has been purchased and preliminary experiments
have begun to determine the feasibility of using the laser to measure both the plasma
electron density and velocity. The velocity will be measured using two techniques:
measurement of the doppler shift of the laser radiation (because of the plasma motion),
and by producing a local electrical breakdown in the plasma using a focused laser
beam and later time-of-flight measurements of the ionized plasma element produced
by the initial breakdown. The latter of these techniques is being tried first. Break-
down in a cold gas (argon at 300°K) has been achieved in a focused laser beam of
50 Mw. The magnitude of the diffusion of the plasma formed in the breakdown is now
being investigated and, on completion of the diffusion experiments, velocity measure-
ments in both cold gas and plasmas will be made in supersonic jets at ambient
pressures of from 102 to 103y in a vacuum tank., These experiments will be concluded
in the first half of FY 1966. ‘In the second quarter of FY 1966, the laser diagnostics
using doppler shift will be started. Both laser techniques will be compared with the
magnetic velocity probe.

Electron densities will be measured by monitoring Thomson scattering
perpendicular to a laser beam in a partially ionized gas. The scattering experiment
will first be conducted with a stabilized stationary arc in a discharge tube. If the
preliminary scattering experiment in the discharge tube proves to be successful, the
technique will be used to measure electron density gradients in and adjacent to a
shock front in a partially ionized gas.

MAGNETIC VELOCITY PROBE

The shock tube study has been delayed approximately 6 mo because of a delay
in the delivery of a test section to the Aerodynamics Facilities -Section at JPL. Pre-
liminary experiments with the shock tube (operated by the Aerodynamics Facilities
Section) will be started in the first quarter of FY 1966. The effects of square wave
heating of the probe elements, magnetic field configurations, and probe geometry
will be emphasized and the results will be compared with steady-state tests conducted
in a plasma vacuum facility using a steady plasma source.

MICROWAVE DIAGNOSTICS

Extensive measurements in the plume of a MPD source have been made with
the 24 gc swinging arm (Ref. 1), measuring both transmission and reflection. The
results are summarized in Ref. 2. The capability of the 24 gc system (both fixed
and swinging arm) has been extended to include the measurement of phase as well as
transmission and reflection, thereby extending the electron density measurements
to7 x 1011 = ne < 7x 1013, All the components needed for the 90 gc system have
been received, and assembly of the first fixed geometry system will begin in the
first quarter of FY 1966,



LANGMUIR PROBES

Langmuir probes have been used to measure electron densities and

- temperatures in the plume of a MPD source. A technique has been worked out to
eliminate the uncertainty because hot electrical insulators (in this case boron
nitride) can act as additional collectors of current. The technique and experimental
results are reported in Ref. 2. Probe measurements are still limited to flows
where the probe can be cooled enough to prevent appreciable emission from occurring
at the probe tip. In the first half of FY 1966, square wave heating of Langmuir
probes will be initiated and measurements will be extended to higher pressures
(where a departure from the simple Langmuir theory is to be expected). Data
obtained from these high pressure experiments will be compared to microwave data,
which should not be sensitive to the increase in pressure.

SPECTROSCOPIC DIAGNOSTICS

Spectroscopic measurements of the intensities of 12 argon II lines made with a
Jarrel-Ash 0.5 m Ebert monochrometer were used to determine the electron tempera-
ture in a MPD plume by the relative line intensity method. Both direct and Abel
inversion techniques were used to obtain average electron temperatures in the plume,
and temperature profiles across the plume diameter. The results are reported in
Ref. 2. Measurements of plasma electron temperatures produced by a number of
different plasma sources will be conducted in FY 1966.

MASS SPECTROMETER

The measurement of electron recombination rates will be continued in FY 1966.
At low electron temperatures, the dissociative recombination rate may be the
dominant recombination mechanism. Because it is believed that this rate is controlled
by the rate of production of molecular ions, the molecular ion production rate will be
measured with the use of a mass spectrometer. The mass spectrometer has been
purchased and delivery will be made in the first quarter of FY 1966. Measurements
using the spectrometer will be started at the end of the first half of FY 1966.

PRESENTATIONS

Two papers titled, ""Diagnostics Studies of an MPD Arc, " by N. Nerheim and
"Microwave Diagnostics,'" by A. Kelly were presented before the NASA Research
Advisory Committee on Fluid Mechanics at JPL on May 6, 1965.

REFERENCES

1. Kelly, A. J., A Microwave Probe for Plasma Plumes, ATAA, 3, 372, 1965,
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OPTICAL PHYSICS RESEARCH
NASA Work Unit 129-02-05-01
JPL 329-20101-1-3450

ELECTRO-OPTIC EFFECT

The investigation of the electro-optic effect in single crystal BaTiO3 during
the last 6 mo has been concentrated on measurements under the condition of constant
strain. The low frequency results are complete, and have been reported in the
Journal of the Optical Society of America (Ref. 1). The method for making the strain-

free measurements through observation of the transient response of a single-crystal
sample to an applied field in the form of a step function is now developed to a point of
reasonable convenience and accuracy. The applicable response time of our fastest
photomultipliers is approximately 5 nanoseconds, while all other components of the
apparatus are capable of one order of magnitude faster responses. The 5-nanosec-
ond response is fast enough to satisfy the strain-free requirements, but remains as
the single predominant factor limiting overall response time.

The measurement has now been made on three crystal samples for each con-
figuration, thus avoiding error from domain structure and sample-to-sample varia-
tion. An [001] field is used to measure r, - r)3, and a [100] field, for measuring
r4>. The primes are used to designate values of the electro-optic coefficients under
the strain-free condition. Here, r.. is defined by

1]
> 3
a(l/n))" = & r. E.,
o i)
j=i
where

n is the index of refraction
E is the applied field, and the conventional contracted subscripts are used.

Strain-free dielectric constants were measured on crystals from the same lot by a
similar transient method. Empirically, the optical response per unit induced polari-
zation, r/(e - €), is a useful quantity, being nearly constant with temperature, and
even of similar magnitude (within about a factor of two) for different materials (Ref.
2). Here, € is the appropriate dielectric constant for the configuration used, and ¢
is the dielectric constant of a vacuum. Our results showthat BaTiO; fits this concept
fairly well, except that for a low-frequency [001] field, the quantity (r33 - r13)/

(e . - €¢o) decreases with rising temperature, and is significantly smaller under strain-
free conditions.

Analogous measurements of the quadratic (Kerr) effect above the Curie transi-
tion at 120°C were made, with the unexpected result that there is a large (60%) strain
contribution even in the cubic state. There can be no piezoelectric strain in cubic
BaTiO3, so our present interpretation is that the electrostrictive strain (proportional
to E2) is responsible for the observed clamping effect. Previous discussions in the



literature, for example, have assumed that no clamping is possible in a
centrosymmetric crystal structure (Ref. 3).

A paper describing these results has been prepared and has been submitted to
Applied Physics Letters. A more general paper on the applications of the electro-
optic effect, and the influence of the strain-optical coupling has been accepted for
presentation at the AGARD symposium on Opto-Electronic Components and Devices,
in Paris, in September 1965. Also, a detailed paper on the technique of measuring
rapidly changing birefringence is planned for the Journal of Applied Optics.

Further work will include interpretation of the experimental results for
BaTiOj3 to provide a useful model to explain them.

Also, itis important to extend the same kind of measurement to other crystals,
and efforts will be made to obtain a variety of suitable crystal samples.
References
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Phys, Lett., Vol. 4, 141 (1964).

OPTICAL SECOND ORDER POLARIZATION COEFFICIENTS

The experimental phase of the determination of the optical second order
polarization coefficients of barium titanate is essentially complete.

Ample data to determine the three coefficients, d13, d33, and dg) as a function
of temperature has been recorded, and all that remains is to perform a calibration
check of the phototubes used.

Because the measurement was performed in reflection from a surface at an
angle of incidence different from zero, there is some possibility that the surface
itself will contribute some second harmonic independent of that which is generated on
the surface layer of the crystal. Because of lack of time, however, it was not
possible to investigate this experimentally, Indications are that the surface contri-
bution is probably small.

Future work will include completion of the data reduction on the recently
completed temperature runs, interpretation of results, and preparation of a final
report. A paper will also be presented at the fall meeting of the American Optical
Society.

Present plans are to select a new project and to initiate work on it during the
next 6-mo period.



STRUCTURE AND PHOTO-CONDUCTIVE PROPERTIES OF EVAPORATED
CADMIUM SULFIDE FILMS

This work was started on April 30, 1965, on which date the principal scientist
arrived from Japan as a resident research appointee at JPL. A brief des crlptlon of
the present investigation is as follows:

1. General

Cadmium sulfide thin films evaporated in a vacuum may be used as photocon-
ductive sensors and as dielectrics in electronic devices. The object of this research
is to study the relationship between the structure and photoconductive properties of
these thin films. The following will be checked as functions of the evaporation rate,
the temperature of the source and the substrate, sticking probability of the vapor
molecules to the substrate, and alsc the surface condition and material of the
substrate:

1. The composition of the cadmium sulfide vapor in its molecular
beam.

2. The crystal, textural, and defect structures of the cadmium sulfide
films.

3. The effects of impurities.

4. Photoconductivity.

2. Experimental procedures

a. Vapor analysis. The composition of cadmium sulfide vapor evaporated
from a source will be analyzed by using a mass-spectrometer.

b. Structure analysis. The structure of the film will be checked by X-ray
and electron diffraction methods, the surface state by electron-microscopy, and the
composition by fluorescent X-ray analysis.

c. Measurements on resistivity and photoconductivity. The resistivity,
Hall coefficient, and mobility of electrons will be measured as a function of light
intensity by using ohmic contact electrodes.

3. Test apparatus.

The following test apparatus will be used:
1. Vacuum unit (VEECO, VE-400).

2. Quadrupole residual gas analyzer (Varian, Model 980-120).



3. Quartz crystal balance (Westinghouse, Model 701).

4. Quartz crucible or oven to produce the molecular beam of
cadmium sulfide.

PUBLICATIONS

1. Johnston, A. R., and Weingart, J. M., "Determination of the Low-Frequency
Linear Electro~Optic Effect in Tetragonal BaTiO3,'" J. Opt. Soc, Am.,Vol. 55,
XXX (July 1965).

2. Johnston, A. R., "Linear Electro-Optic Effect in Tetragonal BaTiO3,' Bull.
Am. Phys. Soc., Vol. 10, 473 (1965).

3. Johnston, A. R., Electro-Optic Crystals and Their Use for Light Modulation,
to be presented at the Ninth Technical Meeting of the AGARD Avionics Panel,
September 6-9, 1965, Paris, France.

4, Johnston, A. R., "The Strain-Free Electro-Optic Effect in Single-Crystal
Barium Titanate,' submitted to Applied Physics Letters.

5. Shumate, M. S., Theory of Optical Harmonic Generation in Barium Titanate,
p- 93, JPL Space Programs Summary 37-31, Vol. IV.

6. Shumate, M. S., "Interferometric Measurement of Large Indices of Refraction,"
submitted to the Journal of Applied Optics.
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%
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PHYS.REV.LETTERS 11, 14 (1963)
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ELECTRO PHYSICS RESEARCH (129-02)

THERMIONICS RESEARCH
NASA Work Unit 129-02-01-07
JPL 329-21101-1-3450

A. NATURAL OSCILLATIONS IN CYLINDRICAL CESIUM DIODES

During this period, electrical oscillations of spontaneous origin were examined
experimentally using JPL-built cesium diodes. The objective of these experiments
is to better understand the physics of thermionic energy converters, especially to
explain the spontaneous oscillations that can occur in cesium diodes. Enhancement
of such oscillations by applying an external magnetic field is another objective.

Three glass diodes were built at JPL for the study of oscillations. Two of the
diodes had cylindrical collectors that were 1/2 in. in diameter and 2 in. in length.
The other diode had a cylindrical collector that was 0. 25 in. in diameter and 0. 654 in.
in length. This small diode was constructed to examine the effects on the oscillations
of interelectrode distance and of the temperature distribution along the filament.
Although both nickel and tantalum were used as anode materials, no effects on the
oscillations were observed because of the different materials. FEach diode was oper-
ated in a temperature-regulated oven, and the cesium reservoir temperature was
determined from the equilibrium oven temperature. Filament temperatures were
determined with a pyrometer. The filament was directly heated from a half-wave
rectified 60-cycle current source, and volt-ampere curves were obtained during the
off periods of the heating current. Waveforms and frequency spectra of the oscil-
lations were measured across a decade resistance box that was connected in series
with the diode.

Oscillations were found to occur in the plateau part of the volt-ampere curves
when the emitter temperature, Ty, and the cesium reservoir temperature, Tcg,
were such that nearly neutral emission was occurring at the emitter surface. The
amplitude of the current oscillations, which was as large as the dc current, increased
as the circuit resistance was decreased until a threshold value of resistance of the
order of 1 ohm was reached. Below this value, no further change occurred in the
oscillation. At this point, the maxima and minima of the oscillating current were
measured, and the current density was determined using the effective emitter area.
Such current d~=nsities were plotted as a function of the reciprocal of the emitter
temperature as shown in Fig. 1. The double-valued (hatched) parts of the curves
indicate the regions where oscillations occurred. The maxima of the oscillating
current follow closely the theoretical S-curves, which are shown in broken lines.
These lines were drawn for current densities that were obtained from the Warner-
Rasor theory for a bare metal work function of 4. 65. Three features of the results
shown in Fig. 1 are:

1. Oscillations occurred within narrow temperature
combinations of Tp and T, so that the electron
current density, J,, and the ion current density,
Ji, were related to the mass of the carriers by:

‘Ie/Ji =~ \/l’ni/me .
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(W-Ta small diode)

The charge densities under such temperature
combinations are neutral at the emitter surface,.

Oscillations did not occur for very high or very
low cesium reservoir temperatures. ILarge values
of Tg result in a2 small mean-free-path for elec-
trons, and this causes collisions between particles
that disrupt coherent oscillations. When T is
reduced, the current density reaches a value so
that the space-charge minimum or maximum does
not occur. It appears, therefore, that the forma-
tion of a collisionless space-charge is a required
condition for the oscillations to exist.

Because the maxima of the current oscillations
followed the theoretical line for temperature-
saturated electron current, the peak-to-peak
variation of the current can be explained in terms

of a switching between two conduction mechanisms:
one conduction mechanism operating at the maximum



value of the current, and another mechanism at the
minimum value. The current conduction switches
between the temperature-saturated value at its
maximum and the space-charge-limited value at
its minimum.

The variation of the depth of the potential minimum, which would have caused
the observed fluctuation in current, was calculated to be of the order of 100 mv.
Such a value is expected in a diode operated in a space~charge-limited mode. The
results concerning the frequency of the oscillations indicated that the frequency is a
function of the product of cesium pressure times interelectrode gap. Further inves-
tigation will be required to obtain more definitive conclusions concerning the fre-
quency of the oscillations. Amplitude-modulated waveforms were observed, and
were caused by the temperature distribution along the filament.

B. METAL-CERAMIC DIODE FOR USE IN AN APPLIED MAGNETIC FIELD

To study externally excited oscillations at elevated cesium reservoir
temperatures up to 600°K, a metal-ceramic diode was proposed to be built., The
design of a metal-ceramic diode having collectors in four identical segments was
completed on contract to Electro-Optical Systems, Inc., Pasadena, California.
Whether a metal-ceramic diode will be fabricated depends on the results that will be
obtained on our glass diodes with an external magnetic field applied. Preliminary
investigations during this period, together with work performed previously by another
investigator at JPL, indicate that it may not be possible to excite the low-frequency
magnetosonic oscillations in which we are interested. It is likely that the simplified
theory of magnetosonic oscillations developed at JPL does not apply to the experi-
mental diodes. Effects of a magnetic field applied to the plasma of a cesium diode
operating in the arc mode are yet to be investigated.

C. CONSULTING WORK FOR THE SPACECRAFT POWER SECTION

The following consulting services were performed:

1. Technical evaluation of two proposals on
low-voltage thyratrons,

2. Calculation of the internal impedance of a
thermionic generator.

3. Design of a low-inductance strip line for a
dc-dc converter.

4. Technical evaluation of various items for future
research and development efforts in the space-
craft power section.



D. FUTURE PLANS

The possibility of exciting magnetosonic like oscillations will be investigated
using glass diodes that have already been tested for spontaneous oscillations.
Because we now have an additional glass diode in a smaller envelope, which enables
us to wind a solenoid around the diode, external signals can be applied to éxcite
oscillations. Results of these investigations will be reported at the International
Thermionics Conference in London, September 1965, in addition to the results
obtained so far.

An electron gun to be used with a proposed thermionic diode having a hot
plasma emitter will be designed and tested. The design has already begun.

An analysis of spontaneous oscillations in cesium diodes will be made using a
simplified model. Truncated velocity distributions for emitted electrons will be used
in the analysis. It is hoped that we will be able to obtain a fairly simple mathemati-
cal analysis that incorporates all the various features of our interpretation of sponta-
neous oscillations in cesium diodes.

E. PUBLICATIONS

1. K. Shimada, Low-Frequency Oscillations in Cylindrical Cesium Diodes, 25th
Physical Electronics Conference, Massachusetts Institute of Technology,
Cambridge, Massachusetts, March 24-25, 1965.

2. K. Shimada, Self-Excited Oscillations in Cylindrical Cesium Diodes, JPL
Space Programs Summary 37-33, Vol. IV (to be published).

3. K. Shimada, Excitation of Low-Frequency Oscillations in Cesium Diodes,
submitted to the Institution of Electrical Engineers, United Kingdom, for
presentation at the International Conference on Thermionic Electrical Power
Generation, London, England, September 20-24, 1965.
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MAGNETICS RESEARCH
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JPL 329-21401-1-3450

During the past 6 mo, work in the magnetics area has been devoted mainly to
the assembly of a superheterodyne spectrometer for the 10 to 100 Mc range. This
spectrometer will have frequency stability better than 1 ppm, frequency modulation,
double frequency conversion, and phase-sensitive detection. It will be capable of
operation with specimen temperatures in the range from 4.2 to 300°K; however only
4.2°K (liquid helium) and 0°C (ice water), and perhaps 90°K (ligquid oxygen) will be
used for measurements because of the stability and reproducibility of these tempera-
tures. The necessary parts for the spectrometer have been ordered and the
assembly has been started. Because of the delay in the delivery of some parts of
the equipment, the completion of the spectrometer is not expected before October

1965.

The spectrometer will be used to study the nuclear magnetic resonance (NMR)
in fine particles of Fed7 that are uniformly dispersed in a nonmagnetic binder. The
frequency of this resonance is a measure of the internal magnetic field at the site of
the nucleus in the ferromagnetic particles. This internal field consists of the molec-
ular field within each particle and the interaction field caused at the location of a
particle by its neighbors. When the density of the ferromagnetic particles in the
nonmagnetic binder is reduced, the mean distance between them is increased and,
consequently, the interaction field is reduced. This will cause a change in the NMR
frequency of the Fe”'. Because the molecular field in ferromagnetic materials is of
the order of 10° oersted while the interaction field is between 0 and 100 ocersted, the
change in NMR frequency will be small (a few parts per million); which puts the strict
requirement on the frequency stability of the spectrometer. Again, the limited
natural abundance of Fed7 (i.e., 2%) limits the strength of the output signal and
requires extreme gain with high signal-to-noise ratio. The first material to be
studied will be iron oxide; however, other possible materials have been considered
and will be studied later. It is expected that the spectrometer will permit the direct
measurement of the strength of the interaction between particles as a function of
their density, and thus enable us to determine the highest possible density of digital
magnetic information storage without mutual interaction between the different bits.

THERMOELECTRIC THIN FILMS

The electrical transport properties of thin metal and semimetal films are
to be studied. Thermoelectric, resistive. and Hall effect measurements will be
made in the temperature range from 1.6 to 425°K for films grown on crystalline
and noncrystalline substrates. The electrical transport properties of copper,
bismuth, antimony, and tellurium films will be studied as a function of film thick-
ness. The conditions required for achieving bulk properties will be determined.
In addition, the electrical transport properties of films formed from compounds and
alloys of the above metals with each other and with other metals will be studied. The
effect of compounding and alloying on the transport properties will also provide an
understanding of the band structure of the metals and semimetals.



The resistance of a few bismuth films was examined during the early part of
the present report period to see if bulk electrical resistivity could be obtained. These
films were vapor-deposited in a borrowed vacuum system. The films had a resis-
tivity two to three times greater than the bulk value and, also, a negative temperature
coefficient indicating bulk properties had not been achieved.

A vacuum system to be used exclusively for growing films for this work will
be received some time in July. The conditions necessary for achieving bulk proper-
ties will be obtained and all films will be vapor -deposited in this new vacuum system.

Construction of a system for measuring the thermoelectric and resistive
properties of the films was begun in the early part of the report period. Because the
scientist involved in this work was away during March, April, and May (performing
an Army R.0O.T.C. commitment), this system was not completed. It is expected to
be completed in July.

An important result expected in this work is the achievement of thin films
having higher thermoelectric output and lower resistivity than the films now used as
thermoelectric infrared detectors.

PUBLICATION

Wilts, C. H., Ferromagnetic Hysteresis Instrumentation, p. 58, JPL Space
Programs Summary 37-32, Vol. 1IV.
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To conduct research in low temperature physics which will lead to a bet-
tter understanding of the basic operation of guidance, control and power devices. Two
immediate objectives are: (1) to investigate the effects of trapped flux, the London
Egment. and nonsphericity in the cryogenic gyroscope; and (2) to identify the principal
chenisms for energy dissipation in liquid helium below 1°K (from a long range point of
view, knowledge of this kind is essential to the development of theoretical descriptions
of transport phenomena in liquid helium and in other condensed systems).

240bjectives.

25Approach. (1) New techniques for altering the rotor speed and field polarity without
disturbing the axis of the rotor under test will be used to isolate and identify the
arious torque mechanisms contributing to net drift in the cryogenic gyro. The cryo-
enic gyro suspension will be used to measure the viscosity of liquid helium below 2°K
observing the deceleration of a rotor spinning in liquid helium. (2) Accurate meas-
ments of sound velocity and absorption in He will be made initially at the frequencie
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adiaebatic demagnetization.
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CRYOGENICS RESEARCH .
NASA Work Unit 129-02-05-02
JPIL, 329-20201-1-3450

CRYOGENIC GYRO

At the start of the current 6 mo reporting period, the cryogenic gyro had been
brought to the stage of development so that meaningful drift data could be obtained.
The primary objective during this period has been to develop techniques to evaluate
the drift of the 'cryogenic gyro and to correlate the drift with known sources of torque.

The problem of readout has been studied. Of the various systems conceived
that fulfill the requirements of an all attitude readout not involving a preferred rotor
axis, the following was adapted. In this system two microscopes equipped with dark
field illuminators and angular readout reticle eyepieces are used. These are mounted
with their axis perpendicular to the surface of the rotor and at right angles to each
other. The direction of rotary surface motion will be detected visually and aligned
with the reticle eyepiece, and the angle read out on a graduated circle. The direction
of the spin axis is computed as the vector cross product of the vectors describing the
surface motion in the two viewing planes. An anodized grid of dots will be applied to
the rotor to aid in discerning the surface motion; however, this does not place any
requirements on placement of the pattern relative to the spin axis (which would be
inacceptable inasmuch as the pole wanders on the rotor surface).

To separate the effect on drift of trapped flux and London moment from the
effect of nonsphericity, an analysis has been made of support field configurations to
determine whether reversal of the field can be achieved without losing levitation.
Several solutions to this problem have been demonstrated but none are altogether
desirable. A choice must be made between techniques for slow deformation of the
field configuration vs rapid reversal of the field polarity with no intermediate change
in configuration. To study this problem, the restoring forces on a diamagnetic
sphere in a magnetic field have been calculated for the most general case. The
solution will appear in a forthcoming Space Programs Summary.

In addition, a solution to the calculations of torques on a superconducting
sphere containing arbitrary trapped flux has been obtained and will appear in Space
Programs Summary No. 37-33 Vol. IV. This complements the calculations of torque
on an imperfect sphere (Space Programs Summary 37-24 Vol. IV p. 35), which were
confirmed experimentally for an ellipsoid as described in Space Programs Summary
37-31 Vol. IV p. 92.

Additional drift data has been obtained using twice-per-day polar readout for
rotors spinning perpendicular to Earth's polar axis. Drift data varied between 4 and
20 deg/day. In one experiment, the rotor was spun nearly about the Earth's polar
axis and the rotor pole was observed continually over a 31-hr period. The result
was an expected ellipse with a closure error of about 1 hr.

During the next 6 mo period, the techniques described above will be developed
further and used to quantitatively determine the torque because of nonsphericity, the
torque because of trapped flux, the torque because of the London moment, and any
residual torque that may remain after these sources of torque have been accounted for .



VELOCITY AND ATTENUATION OF SOUND IN LIQUID HELIUM

This work is concerned with sound propagation in liquid helium below 1°K
over a wide range of frequencies. During the past 6 mo we have completed the
construction of a cryostat in which temperatures extending to 0.3°K will be reached
and maintained. The design is based on that of similar devices described in the
literature. The gas 3He, which is contained and circulated within a closed system,
is condensed at a temperature of approximately 1.3°K into a reservoir in contact
with the bath of liquid 4He in which the ultrasonic apparatus is immersed. Lower
temperatures are achieved by evacuating the space surrounding the 3He reservoir
and the inner bath, to isolate them thermally from the outer 4He bath, and then
pumping on the 3He.

Tests of the system have been made during the past 3 mo. The design of the
3He circulation system and all the aux111ary apparatus has proved to be very satis-
factory, but the part of the cryostat in which the 3He reservoir is placed will require
modification. The heat leak into the inner bath is much higher than was anticipated:
5 to 10 mw, as compared with what had been regarded as a conservatively-estimated
upper limit of 1 mw; and the lowest temperature reached to date is 0.5°K. During
the past few weeks we have been trying to find the unknown heat source. Our present
conclusion is that heat is carried from the outer bath to the 3He reservoir by sus -
tained oscillations, somewhat like those that occur in a Helmholtz resonator, in the
tube connecting the reservoir to the outer bath. In one experiment, in which we were
able to inhibit the oscillations, the heat leak into the reservoir was 0.03 mw, well
within our original estimate. Unfortunately, we could not measure the ultimate
temperature reached during this run, but we estimate that it was in the neighborhood
of 0.3 to 0.4°K. The 3He reservoir is now being dismantled so that appropriate
changes can be made.

A paper titled "Temperature and Frequency Dependence of Ultrasonic
Absorption in Liquid Helium below 1°K," by W. A. Jeffers, Jr. and M. W. Whitney,
was submitted to the Physical Review in March and is scheduled to appear in the
August 14, 1965 issue. Analysis made in the preparation of this paper shows that
it is the high-frequency behavior of the velocity and attenuation that is now of main
interest, and the original plans to make measurements at frequencies below 1 Mc
have accordingly been changed. The experiments will be made initially at 10 Mc,
and will be extended, if possible, to frequencies well above 100 Mc.

A paper titled ""Velocity of Sound in Liquid Helium II'' is being written in
collaboration with C. E. Chase of the National Magnet Laboratory, M.I, T., and will
be submitted to the Physical Review during the next 6 -mo period.

PUBLICATIONS

1. Whitney, W. M., Identification of a Mechanism for Sound Absorption in Liquid
Helium Below 1°K, p. 64, JPL Space Programs Summary 37-30, Vol. IV.

2. Harding, J. T., Analysis of Torques Exerted on a Spherical Superconductor Due
to Trapped Flux in an Ax1ally Symmetric Magnetic Field, JPL Space Programs
Summary 37-33, Vol. IV., to be published.




3.

Harding, J. T., "Drift Data for the Cryogenic Gyro, ' International Advances

in Cryogenic Engineering (Plenum Press, New York, 1965), Vol. X, p. 137.




CRYOGENIC GYRO: ENGINEERING TASK AREAS

l. ROTOR- MATERIAL AND FABRICATION
2. SUPPORT FIELD CONFIGURATION

3. SPIN-UP

4. READ—OUT

5. DAMPING ROTOR VIBRATION

6. MAINTENANCE OF CRYOGENIC TEMPERATURE
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LEVITATION OF ' Dia. NIOBIUM ROTOR IN FIELD
PRODUCED BY "MAXWELL'S GRADIENT PAIR"
(7000 AMP-TURN PER COIL)
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2. Objectives. To do research in semiconductor physics leading to a better understand-
ing of various electronic devices. " Two immediate objectives are: (1) to obtain and in-
Ezatigate space-charge-limited electron current flow in Ge; and (2) to explain the mech-

isms of electronic conduction and charge storage in thin films of titanium oxide.

roach. (1) Alloyed n+1m+ solid-state diodes (similar to a transistor with a floating
base) of various base widths will be fabricated in the laboratory. Measurements will
include base width, punch-through voltage, and impurity profile. Current-voltage char-
cteristics of these structures will be measured at amblent temperatures ranging from
8°K to 300°K to check the theoretical variation of space-charge-limited current with
emperature. These characteristics will be anslyzed for space-charge-limited electron

nt flow in order to demonstrate that this phenomenon is possible in Ge. (2) Thin
ilm structures consisting of a layer of titanium oxide (300 to 3000 A thick) sendwiched]
tween layers of aluminum will be fabricated. Optical and electrical measurements will
hen be made on these structures. These include: (1) thickness by optical interferencer
thods, (2) dielectric constant (separated from effects of electronic spece charge),
3) index of refraction, (U4) optical transmission versus wavelength, (5) photo response
s. wavelength, (6) electronic charge-storage effects in addition to true plate capaci-
ance, (7) current-voltage characteristics under transient and steady-state conditions,
(8) temperature dependence of all electrical measurements. The optical measurements re-
late to the electrode-oxide barrier and to the band structure in the oxide films. The
experimental results will be explained by a model bssed on the dominating influence of
defect states, or traps, in the forbidden band.
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SEMICONDUCTOR RESEARCH
NASA Work Unit 129-02-05-09
JPL 329-21801-1-3450

SPACE-CHARGE-LIMITED CURRENT IN GERMANIUM

During the report period, several n-l-'n'n+ solid-state diodes were fabricated.
Junction I-V characterizations, and punch-through voltage measurements were made
to evaluate the electrical properties of these alloyed solid-state diodes. The results
indicate that solid-state diodes of various punch-through voltages, and with excellent
reverse-biased junction electrical characteristics, can be readily fabricated. How-
ever, there appears to be an inconsistency between sample base-widths as calculated
from the I-V characteristic and the punch-through voltage, which is now being
resolved by metallurgical analysis of the junction regrowth surfaces of the alloyed
regions. Preliminary metallurgical observations show that the regrowth surfaces of
the alloyed regions exhibit a grain structure. Improvements in the alloying tech-
niques are being introduced to eliminate this type of regrowth. A metallurgical
cross-section of one sample was made and the junction boundaries displayed by a
chemical etchant were flat and paraliel.

A chemical hood for cleaning and etching of the solid-state diodes and a clean
station for a dust-free environment were installed. A vacuum evaporator will be
purchased during the next report period for vacuum deposition of masks and alloying
material onto the w-type germanium wafers.

During the next report period, metallurgical observations (on more solid-
state diodes) will be performed to resolve the base-width calculation inconsistency
and to improve the alloying operation. A systematic electrical characterization of
all fabricated solid~-state diodes will be made to determine geometrical and electrical
symmetries of the junctions. Measured space-charge limited-electron current at
various ambient temperatures (26 to -195°C) will be evaluated and compared with
the results already obtained for the hole current. Bulk minority charge carrier
drift mobility measurements of the Shockley-Haynes type in the w-type germanium
will be made. The nt and the pt alloying technologies already developed and used
individually at JPL will be exploited together to fabricate ntmpt structures that are
very useful for studying two carrier space-charge-limited current.

TITANIUM OXIDE THIN FILMS

The purpose of this investigation has been to explain the mechanisms of elec-
tronic conduction and charge storage in titanium oxide thin films. It is anticipated
that this will also lead to a better understanding of other insulating or semi-insulating
thin films because they share many similar properties. The absence of a satis-
factory theory for explaining much of the related experimental work in the literature,
dating back many years, has required that this study place particular emphasis on
the formulation of such a theory. To develop the physical basis of the theory, it was
necessary to obtain reliable experimental data with which to make comparisons.
Therefore, the initial phase of this work has been to accumulate the necessary experi-
mental data and this has been followed by a critical search for a consistent theoret-
ical explanation.



The initial experimental work was performed in most part prior to the report
period, with only certain supplementary data being added during the period. A des-
cription of the experimental method used in this program has been reported (Ref. 1).
Additional work performed by the principal scientist before the formation of the
program at JPL has also provided useful data (Ref. 2). During this report period,
several physical models were examined to seek a theoretical basis for explaining the
experimental results previously obtained. More specifically, a mechanism was
sought that would account for the observed electrical properties in thin film samples
of metal-titanium oxide-metal sandwich configurations, and that would also be con-
sistent with the other measured properties. It is believed that this effort has been
successful because the physical model derived does provide a consistent overall
picture of the reésults and has survived more exacting quantitative tests so far. The
basic ideas for the physical model, the assumptions imposed, and some theoretical
consequences are briefly described below. It may be helpful to first mention two
well-known theories that have been applied to thin films with questionable success
and then only in certain limiting cases.

One well-known theory involves pure electron tunneling between the metal
contacts. This theory can be expected to apply only in extremely thin films (less
than the order of 40 A) and serious departures are found here between theory and
experiment. The other theory involves therrmionic emission of electrons from the
metal over the metal-insulator barrier (often referred to as Schottky emission when
the effects of image forces are included). In both theories, the insulating film is
conventionally treated almost identical to a vacuum except for appropriate changes in
barrier height (metal-insulator work function), dielectric constant, and electron
effective mass. The ideal free electron concept is thus assumed valid.

One important consideration about the physical model derived involves the
failure of the usual free electron concept. This can arise independent of the structu-
ral quality of the films treated (experimentally shown to be quasi-amorphous). This is
justified because of the polaron theory developed in recent years, which treats an
electron in a polar lattice as a new quasi particle consisting of an electron coupled to
a cloud of optical phonons. The effect of strong coupling (which applies here) is to
severely reduce the electron mobility and mean-free-path so the electron in the polar
lattice can no longer be considered free, but moves very slowly; essentially tied to
the conduction band edge (more correctly, to the polaron band). Even if the polaron
coupling is not very strong in single crystals, the effect would be greatly enhanced in
quasi-amorphous films because of the initial reduction in electron mobility by defect
scattering.

Another important consideration involves the effect of high densities of defects
or correspondingly high densities of impurity states within a forbidden band. This
can lead to large space-charge effects even in very thin films when the occupancy of
the impurity states is altered by the presence of metal contacts or applied fields.
The titanium oxide films provide an interesting limiting case in this respect. The
titanium oxide will quite readily undergo a reversible oxidation-reduction reaction;
i.e., 6 TiOp 6 TipO3+ 30, + (26 kcal/mole). A moderate reduction process
applied to bulk single crystals of insulating rutile (Ti),), e.g., 15 min at 700°C in
H,, will produce extremely high densities of oxygen vacancies in excess of 1020/ cm3
that act as donor impurities, converting the rutile infto a degeneratelir doped n-type
semiconductor. This effect saturates at about 5 atomic % (1.6 x 1021/cm3) before
structural changes occur. It is reasonable to expect correspondingly high densities
of oxygen vacancies to occur in the thin films that are necessarily deposited in the



presence of a low partial pressure of oxygen. This consideration leads to a physical
model that treats the TiO; films as degenerately doped semiconductors and provides
a limiting case for the effect of impurities that can also be important to a less
drastic extent in other materials.

~ The above considerations lead to a band structure for the isolated TiOp film
such as that illustrated in Fig. la. The material as shown is degenerate, i.e., the
Fermi level lies slightly above the smeared-out edge of the conduction band. How-
ever, the conductivity is extremely low when compared with degenerately doped
nonpolar semiconductors such as silicon because of the small polaron mobility, yet
sufficiently large to permit excessive conduction in thin films. The presence of
metal contacts produces barriers consisting of positive space-charge layers adjacent
to the two interfaces as shown in Fig. 1b. The interface barrier height, v, (metal to
oxide work function), has often been determined from elementary considerations by
the difference in the work function of the metal and the electron affinity of the oxide,
but usually is fixed by interfacial states. Such a space-charge layer is often referred
to as a Schottky barrier, and was the subject of much controversy (in the early 1930's)
for metal oxide point contact rectifiers. The theories developed in that period,
although closely related to the theory derived in this work, were not carried far
enough to account for the conduction processes considered. The large space-charge
density assumed here results in very narrow Schottky barriers, of the order of 30 &;
which allows electron tunneling to occur between the metal contact and the oxide
interior. Furthermore, the shape of the barrier results in a process intermediate
between that of pure tunneling and thermionic emission, and leads to a temperature-
dependence in good agreement with the previously unexplained experimental data.
This model is seen to result in a structure consisting of two Schottky barriers back-
to-back. Under applied voltage, the voltage divides between them and across the
interior in such a way as to maintain a constant current through the structure. Either
the first or second barrier can dominate depending on the applied voltage and tem-
perature. An interesting dependence of capacitance on temperature, voltage, and
frequency results from this model. An equivalent circuit for the structure is given
in Fig. 2, which serves to suggest the type of dependence. More complicated sit-
uations arise when the two contacts are not equivalent.

A qualitative and semi-quantitative comparison between theory and experiment
gives satisfactory agreement, as already mentioned. A more detailed comparison is
in process and the results will be given in a future report.

During the report period, the author attended the IEEE-sponsored Solid State
Device Research Conference at Princeton, New Jersey. The conference is a closed
meeting that discusses only the most recent unpublished research on solid-state
devices.
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TITLE FISCAL PROFESSIONAL DOLLARS
- 3 1
NASA Code YEAR MAN-YEARS (in 000's)
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129-01-01-01 196k 2.0 148
329-10101~-1~3260 1965 1.8 118
1966 1.8 152
Magneto=Fluid Dynamics
129-01~05-02 1964 2.5 150
329-10801~1~3270 1965 3.2 154
1966 3.5 185
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det Structures
129-01-05-03 1964 Part of 129-01-10-01
329-11301-1~3270 1965 1.3 69
1966 1.2 91
Continuum Fluid Dynamics
129-01~-09-01 1964 5.0 373
329-10201-1-3270 1965 3.6 221
1966 2.7 200
Rarefied Gas Dynamics
129-01~10~01 1964 5,0 370
329-10501-1-3270 1965 5,0 307
1966 3.2 220



2. Deutero-derivatives of 2,h-dicarbaq;ovohgptaborane(T).

(This work was done in collaboration with Prof, R. Beaudet, at
U.5.C., and Prof. T. Onak at Cal. State, lLos Angeles, California.)

To understand the NMR spectrum of 2,h—dicarbaclovoheptaborane(7),
a deuterium exchange reaction was performed, The llB resonances as
observed in the normal molecule are split into doublets. By using lH
substitution, the interpretation of the normal molecule spectrum
should be simplified. However, the NMR spectrum of the lH substituted
molecule was itself ambiguous. The difficulties in the NMR assignment
were resolved by the study of the microwave spectrum of the deuterated
molecule, The microwave results showed that the three ring hydrogen
atoms were involved in deuterium substitution, thus providing an un-
ambiguous assignment for the NMR spectrum. These atoms may be found

by reference to Figure 1,

3. 2,3-dicarbaclovohexaborane(6). (In collaboration with Prof, Beaudet,
at U.S.C.)
Another new compound in the carborane series is shown in Fig. 2.
The original data on this compound showed that it had the formula CQBhHS’
but the skeletal configuration was uncertain. The microwave spectral
analysis shows that this molecule is very nearly a spherical top,
with a dipole moment of 1.50 D units, again determined by Stark effect
measurements., By assigning the spectra for six isotoplic boron species,
the boron atoms have been located in the molecular principal axis
frame. The boron-boron bond distances which are calculated from this
information are also shown in Fig. 2. Approximate B-~C bond lengths

can also be calculated, but because their accuracy is low, they are



Title MOLECULAR SPECTROSCOPY

NASA PROGRAM SCIENCE TASK LEADER | DIRECTED TOWARD WHICH
FLIGHT PROGRAM?
129 R. Poynter
S. Trajmar
BUDGET (K) | NASA Code:129-01-01-01 JPL Job. No.329-10101-1-3260

. ‘ Total Total
E T Total Saelary Proc. Direct Green

FY '65 2 1 3 33 Lo 3 118
FY '66 2 1.2 3.2 35 62 7 152

Total FY '66 Commitments to 1 September 1965 32

OBJECTIVE:

Microwave spectroscopy will be used to study molecules and free
radicals which are present in planetary atmospheres or in space,
The molecular rotational, spin re-orientation and /\- doubling
energy levels and transitions involved will be studied.

To design and build a low-energy, high-resolution electron
impact spectrometer. To obtain data with this instrument on energy
levels and transitions in atomic and molecular targets and to de-
termine cross sections for elastic and inelastie processes involving
low-energy electrons and atoms (molecules).

ABSTRACT:
1. 2,h-dicarbaclovoheptaborane§I). (In collaboration with Prof. R.

Beaudet, at U.S.C.)

The study of this molecule has been completed and a final report
has been published in the Journal of Chemical Physics. The final
results on this molecule are briefly summarized. The skeletal carbon-
boron cage structure of this molecule is shown in Figure 1, along
with the bond lengths obtained from this study. The molecular dipole
moment is 1.32 D units, as determined by measurements of the Stark
effect, An adequate theoretical explanation of the unusual bonding

found in this molecule is not known at this time.
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shown enclosed in parentheses in Fig, 2. The study of the 130 isotopic

species which has not been analyzed at this time will aécurately deter-

mine the carbon atom locations and the B-C bond lengths. This will

complete the study of this molecule,

k. Free Radical Studies. (In collaboration with Prof. R. Beaudet at
U.s.c.)

During this period an absorption cell suitable for the microwave
spectroscopy of gaseous free radicals has been designed and is being
constructed. The absorption cell plate waveguide, the vacuum tank
and support, and the main vacuum pump have been obtained..The micro-
wave transitions, and the ultra-high vacuum pump have been ordered and
will be delivered this month or next month. A residual gas analyzer
is being incorporated into the experimental system both to assist
with the expected vacuum problems and to act as a monitor to the ex-

perimental parameters in the course of operation.



MOLECULAR SPECTROSCOPY

MOLECULAR CONFIGURATION AND BOND DISTANCES IN
2,4—-DICARBACLOVOHEPTABORANE (7)



MOLECULAR SPECTROSCOPY

ATOMIC CONFIGURATION AND BOND DISTANCES IN
2,3-DICARBACLOVOHEXABORANE (6). PRINCIPAL AXES FOR
THE ALL "B ISOTOPIC SPECIES ARE SHOWN BY THE ARROWS
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Title: LOW-ENERGY ELECTRON IMPACT SPECTROMETRY

ABSTRACT:

Recent development in high-vacuum techniques and in particle de-
tector and energy analyzer systems make it feasible to build a low-
energy, high-resolution electron impact spectrometer for the purpose
of obtaining a great variety of data. One can obtain information on
energy levels and on transitions between energy states of atomic and
molecular targets and on cross sections for elastic and inelastic
processes involving low-energy electrons and atoms and molecules,

This type of data is needed for quantitative calculations in
atmospheric and solar physics, in connection with plasma and discharge
phenomena, in spectroscopy in chemistry and for guiding theoretical work.

The design and construction of a low-energy, high resolution
electron scattering apparatus was initiated in September, 196k, The
Model I instrument is being built in cooperation with Prof. Aron Kuppermann
and Mr. James Rice (C.I.T.).

All the design work for Model I instrument is now complete. The
bekeable high-vacuum system, furnace, sample handling system, pressure
measuring and calibration system, electromagnetic shielding and compen-
sation, electron gun, energy selector, scattering chamber, electron detector
system and all associated electronic components are built and purchased.
The mounting, the assembly and testing of the instrument is in progress.
The schematic diagram of the apparatus is shown on Figure I.

The electron gun forms an intense, well collimated beam which is
then decelerated and energy selected at 2 eV kinetic energy by the
spherical electrostatic deflector. The equation of motion can be
rigorously solved for these selectors. Trajectories and electro-

optical aberrations of the system have been calculated. The nearly



monoenergetic beam (AE = 0.020 eV) leaving the energy selector is then
reaccelerated and focused into the scattering chamber, ' Electrons which
scattered into a specific direction are reaccelerated by a sweep voltage,
Vl' Those electrons that last Vl eV energy will regain the last energy,
return to the initial trajectory and will be transmitted through the
analyzer into the collector. A sweep voltage can alsc be applied to
the cathode to change the energy of the incoming electron. The sweep
voltages are obtained either from the counting system in steps (where
the voltage at each step is proportional to the channel number into
which the counts are being accumulated) or by a sweep circuitry which
changes the voltage continuously with time.

The scattering chamber is shown on Figure II. Tt is a double
bellows system with temperature control (-180°C to + 300°C) and
capable of a -30° to + 90° bent.

Special care has been taken to shield and compensate against
electromagnetic disturbances and to measure pressure with an accuracy
of + 5%.

When current levels are high, a vibrating reed electrometer and
an X-Y recorder will be used for recording the spectrum. At low
signal levels counting techniques will be applied. A Nuclear Data
1024k chennel scaler system has been modified to our specifications.

It supplies analog voltages for the energy loss sweep and for chopping
the electron beam. In the first 512 channels of the memory the
signal counts and in the second 512 channels of the memory the back-

ground counts will be alternatingly ccllected.



There are three types of experiments which can be done with the
Model I apparatus:
A, Energy loss spectrum
B. Resonances in the electron transmission and in dif-
ferential elastic cross sections
C. Angular spectrum
Type A spectrum is shown on Figure IiI(from Simpson), Type B curves
are shown on Figure IVand V (from Simpson and Schulz respectively).
In Model II apparatus the scattering chamber will be slightly
modified and instead of the scattered electrons the photons emitted
by the excited species will be studied. Electron excitation and
optical observation combine the advantages of electron impact and
optical spectroscopy, namely, excitation to any level with high
resolution. Additional informetion in the form of the polarization
of the emitted radiation can be obtained. Polarization of the
radiation and the angular distribution of the emitted photons will
be studied. Besides the type of information obtainable from studying
the scattered electrons (energy levels and cross sections) this method
yields important information on energy transfer by collision.
The instrument has been designed with flexibility in mind and
it can be easily modified. It is planned for the future to replace
the static sample with molecular beam. This will make possible the
study of free radicals end provide a better definition of scattering
volume. Mass analysis of the beam with a quadrupole mass filter will

also be possible,
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Plans

Complete the construction of the apparatus, assemble and test

apparatus,

Publications

A paper on induced infrared spectra in liquid rare gases by
George Ewing, Sandor Trajmar and G. Holleman has been presented by
one of us at the European Molecular Spectroscopy Meeting in Copenhagen

(Aupust, 1965).
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Title Continuum Fluid Dynamics

NASA PROGRAM SCIENCE TASK LEADER DIRECTED TOWARD WHICH
FLIGHT PROGRAM?

129 Dr. J. M. Kendall,Jr.

BUDGET (K) | NASA Code: 129-01-09-01-55 |JPL Job. No. 329-10201-1-327C

. Total Total
E T Total Salery Proc. Direct Green

FY '65 3.6 0 3.6 51 105 156 221
FY '66 3.4 0.5 3.9 50 72 122 201

Total FY '66 Commitments to 1 September 1965 29

OBJECTIVE:

Theoretical and experimental research on the flow of viscous
and compressible fluids. The problems are mostly related to the
complex phenomenon of turbulence in a variety of fluids and various
flow configurations. They are chosen for their intrinsic interest,
for geo- or astrophysical implications, or to exploit the unique
capabilities and facilities of this group.

ABSTRACT:

Supersonic Wake Stability and Transition Experiments

Measurement of the stability of the two-~dimensional wake flow at
Mach 3.7 shown in Fig. 1 has been completed. The amplification rate and
propagation speed of artificial disturbances of controlled frequency and
amplitude were determined. Excellent agreement with inviscid theory has
been obtained, Fig. 2. The astonishing effectiveness of sound radiated
from a turbulent boundary layer in promoting wake transition, Fig. 3, has
not been explained. Experiments with the three-dimensional artificial

disturbances shown in Fig. U4 have failed to clarify this result.



ABSTRACT (CONT. ): Continuum Fluid Dynamics

An experimental study of compressible boundary layer»stability
using experimental techniques developed for the above has been initiated.
Mulpiple instability modes and wave obliqueness effects described below
will be studied.

Compressible Boundary Layer Stability Theory

The study of the effect of wall cooling on the inviscid stability
of the laminar boundary layer has been extended to higher Mach numbers.
Figures 5 and 6 show, as was found previously at Ml = 5.8, that cooling
the wall at Ml = 8 and 10 stabilizes the first mode, destabilizes the
second and higher modes, and shifts the unstable regions to higher fre-
guencies. At Mi = 10 it is no longer possible to completely stabilize
the first mode by cooling.

Previously, the investigation has been limited to the study of two-
dimensional disturbances. The inviscid theory has now been applied to
oblique waves. In Fig. 7 the maximum amplification rates for the first
and second modes are given as functions of the wave angle for four Mach
numbers. Obliqueness destabilizes the first mode and stabiliz<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>